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Conversion  Factors,  Non-SI  to 
SI  Units  of  Measurement 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to 
SI  units  as  follows: 


Multiply 

By 

To  Obtain 

iftohM 

2.S4 

centimeter* 

fMt 

0.3048 

meters 

cubic  v«d« 

0.764SS49 

cubic  meters 

degree*  (engl*) 

0.01746329 

rsdisn* 

pound*  (me**) 

0.4635824 

kilogrsms 

knot* 

0.514444 

meters  per  second 

neuticel  mH** 

1.852 

kilometers 

cubic  feet 

0.02831685 

cubic  meter* 

mMe* 

1.608347 

kilometers 

1  Introduction 


Widi  increased  use  and  develc^ment  of  due  coastal  zone,  beadi  erosion  in 
some  areas  may  become  serious  enougb  to  warrant  die  use  of  protective 
coastal  structures.  Based  on  prototype  eaqperience,  detached  breakwaters  can 
be  a  viable  mediod  of  shordine  stabflization  and  protection  in  the  United 
States.  Breakwaters  can  be  designed  to  retard  erosion  of  an  existing  beach, 
promote  natural  sedimentation  to  form  a  new  beadi,  increase  the  Icmgevity  of 
a  beach  fill,  and  maintain  a  wide  beach  for  storm  damage  reduction  and  recre- 
ation.  Ihe  combinafion  of  low-oested  breakwaters  and  planted  marsh  grasses 
is  increasingly  bdng  used  to  establish  wetlands  and  control  erosion  along 
estuarine  shordines. 


General  Description 


Detached  breakwaters  are  goierally  shctfe-paralld  structures  diat  reduce  die 
amount  of  wave  energy  reaching  die  protected  area  by  dissipating,  reflecting, 
or  diffracting  incoming  waves.  The  structures  dissipate  wave  energy  similar  to 
a  natural  offrhore  bar,  reef,  or  nearshore  island.  Ihe  reduction  of  wave 
action  promotes  sediment  dqtosition  slmreward  of  die  structure.  Littoral 
material  is  dqrasited  and  sedimrat  retained  in  die  shdtered  area  bdiind  die 
breakwata.  The  sedimoit  will  typically  ai^iear  as  a  bulge  in  die  beach 
planform  termed  a  salimt,  or  a  tombolo  if  die  resulting  shordine  extmids  out 
to  the  structure  CPigure  1). 

Breakwaters  can  be  constructed  as  a  single  structure  or  in  smes.  A  single 
structure  is  used  to  pnMect  a  localized  project  area,  idiereas  a  multfole  su¬ 
mmit  systmn  is  designed  to  protect  an  extended  length  of  shordine.  A  seg- 
mmited  system  consists  of  two  or  more  structures  s^arated  by  gaps  with 
specified  design  widdis. 

Unlike  shore-popendicular  structures,  such  as  groins,  which  may  inqxiund 
sediment,  prop^ly  designed  breakwaters  can  allow  continued  movonait  of 
longshore  transport  through  the  project  area,  thus  reducing  adverse  inq^acts  on 
downdrift  beadies.  Effects  on  adjacent  shordines  are  fiirdm  minimized 
beach  fill  is  included  in  die  project.  Some  disadvantages  associated  with 
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Hgure  1 .  Types  of  shoreline  changes  associated  with  single  and  multiple 
breakwaters  and  definition  of  terminology  (modified  from  EM 
1110-2-1617) 

detached  breakwaters  indude  limited  design  guidance,  hi^  construction  costs, 
and  a  limited  ability  to  predict  and  compensate  for  structure-rdated  jdienom- 
ena  sudi  as  adjacent  beach  erosion,  r^  currents,  scour  at  the  structure’s  base, 
structure  transmissibility,  and  effo(^  of  settlanent  on  project  performance. 


Breakwater  Types 


There  are  numerous  variations  of  die  breakwater  conc^.  Detached  break¬ 
waters  are  constructed  at  a  significant  distance  of&hore  and  are  not  connected 
to  shore  by  any  type  of  sand-retaining  structure.  Rerf  breakwaters  are  a  type 
of  detadied  breakwater  designed  with  a  low  crest  devation  and  homogeneous 
stone  size,  as  opposed  to  the  traditional  multilayer  cross  section.  Low-crested 
breakwaters  can  be  more  suitable  for  shordine  stabilization  projects  due  to 
increased  tolerance  of  wave  transmission  and  reduced  gnanrities  of  material 


2 


Chanter  1  Introduction 


necessary  for  construction.  Odier  types  of  breakwaters  include  headland 
bmkwaters  or  artificial  headlands,  which  are  constructed  at  or  very  near  to 
the  original  shordine.  A  headland  breakwato'  is  designed  to  promote  beach 
growdi  out  to  the  structure,  forming  a  tombolo  or  periodic  tombolo,  and  tends 
to  function  as  a  transmissible  groin  (Engineer  Manual  (EM)  1110-2-1617, 
1989).  Another  type  of  shoro^tarallel  off^re  structure  is  called  a 
submerged  sill  or  pnched  beach.  A  submerged  or  seni-submerged  sill 
reduces  foe  rate  of  offifoore  sand  movement  from  a  stretdi  of  beadi  by  acting 
as  a  barrier  to  shore-normal  transport.  The  effect  of  submerged  sills  on 
waves  is  relativdy  small  due  to  their  low  crest  elevation  (EM  1110-2-1617). 
Ofoer  types  of  shorei>arallel  structures  include  numerous  patented  commercial 
systems,  whidi  have  had  varying  d^rees  of  efficiencies  a^  success  rates. 
This  te(^cal  tepoti  will  focus  on  detached  breakwater  design  guidance  for 
shoreline  stabilization  purposes  and  provide  a  general  discussion  of  recently 
constructed  headland  and  low-crested  breakwater  projects.  Additional  infor¬ 
mation  and  references  on  ofoer  breakwater  classifications  can  be  found 
in  Lesnik  (1979),  Bishop  (1982),  Fulford  (1985),  Pope  (1989),  and 
EM  1110-2-1617. 


Prototype  Experience 


Prototype  experience  with  detached  breakw^ers  as  shore  protection  struc¬ 
tures  in  the  United  States  has  been  limited.  Twenty-one  detadied  breakwater 
projects,  225  s^ments,  exist  along  foe  continental  U.S.  and  Hawaiian  coasts, 
including  76  s^ments  recently  constructed  near  Peveto  and  Holly  Beadi, 
Louisiana,  and  anofoer  55  s^ments  completed  in  1992  at  Presque  Isle, 
Pennsylvania  (Figure  2).  Conqiaratively,  at  least  4,000  detach^  breakwater 
segmmts  exist  along  Japan’s  9,400-km  coastline  (Rosati  and  Truitt  1990). 
Breakwaters  have  been  used  extensively  for  diore  protection  in  Jiqian  and 
Israel  (Toyoshima  1976,  1982;  (joldsmitb  1990),  in  low  to  moderate  wave 
mo'gy  environments  with  sediment  ranging  from  fine  sand  to  pebbles.  Othw 
countries  with  significant  expwience  in  breakwater  design  and  use  include 
Spain,  Denmark,  and  Singapore  (Rosati  1990).  Figures  3  to  5  show  various 
exanqiles  of  intonational  breakwater  projects. 

United  States  experirace  with  segmented  detached  breakwater  projects  has 
been  generally  limit^  to  littoral  sediment-poor  shorelines  characterized  by  a 
local  fetch-dominated  wave  climate  (Ptqie  and  Dean  1986).  Most  projects  are 
located  on  foe  Great  Lakes,  Chesiqieake  Bay,  or  Gulf  of  Mexico  shordines. 
These  projects  are  typically  subjected  to  short-period,  steq>  waves,  which  tend 
to  approach  the  shoreline  with  limited  refraction,  and  generally  break  at  steep 
angles  to  the  shoreline.  The  projects  also  tend  to  be  in  areas  foat  are  prone  to 
storm  surges  and  erratic  water  level  fluctuations,  particularly  in  foe  Great 
Lakes  regions. 

In  recoit  years,  low-crested  breakwatm  of  varied  types  have  been  used  in 
conjunction  with  marsh  grass  plantings  in  an  attempt  to  create  and/or  stabilize 
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Figure  2.  Segmented  detached  breakwaters  at  Presque  Isle,  Pennsylvania,  on  Lake  Erie, 
fall  1992 
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Rgure  3.  0«tadi6d  breakwaters  in  Natanya,  Israel,  August  1985  (from 
Goldsmith  (1990)) 


Figure  4.  Segmented  detached  breakwaters  in  Japan 
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Rgura  5.  Ottachad  braakwatar  projact  in  Spain 

wednd  areas  (Landin,  Welib,  and  Knutacw  1989;  Rogeta  1989;  KnutatHi, 
AUflo,andWebb  1990;EM  1110-2-SQ2Q.  Racem  wedand/breakwater 
pioje^  indade  Eaatacn  Nack,  Marjdand  CPigura  6)  ocMittructad  by  die  U.S. 
Fish  and  WUdlife  Secvka  with  dredge  material  pnndded  by  the  U.S.  Atmy 
&igineer  District  (USAED),  Baltimore;  and  Aransas,  Texas,  ptesendy  under 
construction  and  developed  by  die  USAED,  Galveston,  and  die  U.S.  Army 
Ei^ineer  Waterw^  Experimeot  Statxm  (WES)  Giastal  Engineering  Research 
Center  (CERQ. 

Detafled  summaries  of  die  design  and  performance  of  sin^e  and  segmented 
detached  breakwater  projects  in  the  United  States  have  been  provided  in  a 
number  of  references  (DaUy  and  Pope  1986,  Pope  and  Dean  1986,  Kraft  and 
Herbidi  1989).  Table  1  provides  a  sununary  of  a  nundier  of  detadied  break¬ 
water  projects.  Most  recendy  cteotmcted  breakwater  projects  have  been 
located  <ni  die  Great  Lakes  or  Chesigieake  Bay  (Figure  7)  (Hardaway  and 
Gunn  1991a  and  1991b,  Mohr  and  ^ppcriito  1991,  Bender  1992,  Ccdeman 
1992,  Fulftnd  and  Usab  1992).  A  mmiber  of  private  breakwater  i«ojects  have 
been  constructed,  but  are  not  shown  in  Table  1. 


Existing  Design  Guidance 


IhtematkNially  and  throu^iout  die  United  States  various  schools  of  diought 
have  emerged  <m  die  design  and  construction  of  breakwaters  (Pope  1989). 
Japanese  and  U.S.  projects  tend  to  vary  in  style  within  eadi  country,  but  often 
use  the  s^mented  detadied  teeakwater  concept,  hi  Denmark,  Singtgxire, 
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Figure  6.  Breakwaters  constructed  for  wetland  deveiopment  at  Eastern 
Neck,  Maryland 


Rgure  7.  Detached  breakwaters  constructed  on  Chesapeake  Bay  at  Bay 
Ridge,  Maryland 

Spain,  and  some  projects  along  the  U.S.  Great  Lakes  and  eastern  estuarine 
shordines,  the  troid  is  towards  artificial  headland  systems.  Along  die  C3iesa- 
peake  Bay,  the  use  of  low-crested  breakwatws  has  become  pt^ar  since  diey 
can  be  more  cost-effecfive  and  easier  to  coMruct  than  traditional  multilayered 
breakwaters. 

Previous  U.S.  Army  Corps  of  Engineers  (USAGE)  breakwater  projects 
have  bem  designed  ba^  on  die  results  of  misting  prototype  projects. 
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physkd  aod  numerical  modd  ttudiea,  nd  coqnrical  rdatiowhipa.  Design 
guidance  used  to  tnedict  bendt  response  to  detadied  breakwdecs  is  pcesented 
in  DaUy  and  Pope  (1986),  Pope  and  Dean  (198Q,  Rosad  (1990),  and  EM 
1110-2-1617.  Dally  and  Pope  (1986)  discuss  die  applkatkm  of  detadied 
sin^e  ud  segmented  breskwaters  for  shore  protectkm  aad  beadi  stabilizatkm. 
General  guidance  is  fnesented  for  the  design  of  detached  breakwaters,  proto¬ 
type  projects  are  discussed,  and  several  design  examples  are  i»ovided.  Pope 
and  Dean  (1986)  present  a  prdiminary  design  rdationship  with  nmes  of  pre¬ 
dicted  shtmline  reaptmse  based  on  data  fmn  ten  field  sites;  however,  die 
effects  of  breakwater  transmissibUity,  wave  dimate,  and  sediment  properties 
are  not  induded.  Rosati  (1990)  i»esents  a  summary  of  empirical  rdationships 
available  in  the  literature,  some  of  which  are  presently  used  for  USAGE  brea¬ 
kwater  design.  Rosati  and  Truitt  (1990)  pres^  a  summary  of  die  Japanese 
Ministry  of  Construction  (IMQ  mediod  of  breakwater  design;  however,  this 
method  has  not  been  fre^endy  used  in  the  United  States.  Guidance  tm  J^ia- 
nese  design  methods  is  also  provided  in  Toyoshima  (1974).  Engineer  Manual 
1110-2-1617,  Coastd  Groins  and  Nearshore  Bredaoaters,  contains  die  most 
recent  USAGE  design  guidance  fiw  breakwaters.  This  manual  fwovides  guide¬ 
lines  and  design  concqits  for  beadi  stabilization  structures,  including  detadied 
breakwaters,  and  provides  igqiropriate  references  available  design  proce¬ 
dures.  Although  numerous  rkeraces  exist  for  functkmal  design  of  U.S. 
detadied  breakwater  projects,  the  predictive  diility  for  mudi  of  diis  guidance 
is  limited.  Knowledge  of  coastal  processes  at  a  project  site,  experience  from 
odier  prototype  {uojects,  and  a  significant  amount  of  engineering  judgement 
must  be  incorporated  in  die  functional  design  of  a  breakwater  projea. 

Design  guidance  tm  die  use  of  low-crested  rubUeinound  breakwaters  for 
wedand  deveioimient  purposes  is  limited  and  has  been  mosdy  based  cm 
e^qierience  from  a  few  iKOtotype  sites^  Further  investigathm  and  evaluation 
of  the  use  of  breakwaters  for  diese  purposes  is  ongoing  at  WES  under  the 
Wedands  Researdi  Program. 

Numerical  and  physical  modds  have  also  been  used  as  tools  to  evaluate 
beadi  reqionse  to  detached  breakvmters.  The  shmdine  reqxmse  model 
GENESK  fGENEralized  Modd  for  simulating  SKwdine  Change)  (Hanson 
and  Kraus  1989b,  1990;  Gravens,  Kraus,  and  Hanson  1991)  has  been  increas¬ 
ingly  used  to  examine  beadi  reqiwnse  to  detadied  breakwaters.  A  limited 
number  of  detadied  breakwater  projects  have  been  physicdly  moddled  at 
WES.  Good  agreement  has  been  obtained  in  rqiroducing  shordine  change 
observed  in  moveable-bed  modds  by  means  of  numericd  simulation  modds  of 
shordine  response  to  structures  (Kraus  1983,  Hanson  and  Kraus  1991). 


*  PmoMl  Communication,  24  Pebroaiy  1993,  Dr.  Maty  Landin,  U.S.  Army  EngmeCT  Watm^ 
ways  Expoiment  Station,  Environmental  L4d>oratoTy,  Vidcsbuig,  MS. 
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Objectives  of  Report 


A  properiy  dwigned  detadied  breakwater  inoject  can  be  a  vudde  for 
shordine  8td>ilizatioa  and  i»otection  at  certain  coastal  skea.  The  objectives  of 
diis  report  are  to  summarize  and  present  the  most  recent  fonctional  and  struc¬ 
tural  design  guidance  available  for  detached  breakwaters,  and  provide  exam¬ 
ples  of  botfi  prototype  breakwater  projects  and  the  use  of  available  tools  to 
assist  in  bresdcwater  design. 

Qiapter  2  presents  fonctional  design  guidance  including  a  revfow  of 
existing  analytical  tediniques  and  design  procedures,  pre-design  site  analyses 
and  data  requiremems,  dmign  considerations,  and  design  alternatives. 

Chapter  3  discusses  numerical  and  physical  modding  as  tods  for  prediction  of 
morphological  reqranse  to  detached  breakwaters,  including  a  summary  of  die 
shordine  reqionse  numericd  simulation  modd  GENESIS.  A  summary  of 
moveable-bed  {diysical  modding  and  modded  breakwater  projects  is  also 
presented.  Chigiter  4  summarizes  and  presents  structurd  design  guidance 
induding  static  and  dynamic  breakwater  stability  and  mediods  to  determine 
performance  diaracterisdcs  sudi  as  transmission,  reflection,  and  energy  dissi¬ 
pation.  Other  breakwater  design  issues  are  discussed  in  Chqiter  5  induding 
beach  All  requironmits,  constructability  issues,  environmental  concerns,  and 
project  monitoring.  Ougiter  6  presents  a  summary  and  suggestions  for  foe 
direction  of  future  research  rdative  to  detadied  breakwater  design.  Appen¬ 
dix  A  provides  a  case  exanqile  of  a  foeakwater  project  designed  and  con¬ 
structed  at  Bay  Ridge,  Maryland,  induding  GENESIS  modding  of  foe  project 
performance.  Parameter  definitions  used  throughout  foe  report  are  given  in 
Appendix  B. 
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Functional  Design  Objectives 


Prototype  experience  shows  that  detached  breakwaters  can  be  an  important 
alternative  for  shordine  stabilization  in  the  United  States.  Shoreline 
stabilization  structures  sudi  as  breakwaters  or  groins  sedc  to  retain  or  create  a 
beach  area  through  accretion,  as  opposed  to  structures  such  as  seawalls  or 
revetments,  which  are  designed  to  armor  and  maintain  die  shoreline  at  a 
specific  location.  Additionally,  breakwaters  can  provide  protection  to  a 
project  area  while  allowing  long^ore  transport  to  move  dirough  the  area  to 
downdrift  beaches. 

The  primary  objectives  of  a  breakwater  system  are  to  increase  the 
longevity  of  a  beach  fill,  provide  a  wide  beadi  for  recreation,  and  provide 
protection  to  upland  areas  from  waves  and  flooding  (EM  1 1 10>2-1617). 
Breakwatm  can  also  be  used  with  the  objective  of  creating  or  stabilizing 
wetland  areas.  The  breakwater  design  should  seek  to  minimize  negative 
impacts  of  the  structure  on  downdrift  shorelines. 

Bead!  nourishment  has  become  an  increasingly  popular  method  of  coastal 
protection.  However,  for  economic  and  public  perception  reasons,  it  is 
desirable  to  increase  the  time  interval  between  renourishments,  diat  is,  to 
lengthen  the  amount  of  time  that  the  fill  material  remains  on  foe  beach.  This 
increase  in  fill  longevity  can  be  accomplished  through  foe  use  of  shoreline 
stabilization  structures,  such  as  a  detadied  breakwater  system.  The 
combination  of  beach  nourishment  and  structures  can  provide  a  successful 
means  of  creating  and  maintaining  a  wide  protective  and  recreational  beach. 
Lakeview  Park,  Ohio,  is  an  example  of  a  recreational  beach  maintained  by  a 
combination  of  breakwaters,  groins,  and  beadi  fill  (Bender  1992)  (Figure  8). 
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Rgure  8.  Aerial  view  of  Lake  view  Park,  Lorain,  Ohio 


Design  of  Beach  Planform 


Types  of  shoreline  configuration 

A  primary  consideration  in  detached  breakwater  design  is  the  resulting 
shoreline  configuration  due  to  the  structure.  Three  basic  types  of  beach 
planfonns  have  been  defined  for  detached  breakwaters:  tombolo,  salient,  or 
limited.  A  bulge  in  the  shoreline  is  termed  a  salient,  and  if  the  shoreline 
connects  to  the  breakwater  it  is  termed  a  tombolo  (see  Figure  1).  A  limited 
response,  or  minimal  beach  planform  sinuosity,  may  occur  if  an  adequate 
sediment  supply  is  not  avail^le  or  the  structure  is  sited  too  far  offshore  to 
influence  shoreline  change.  Figures  9  to  11  show  U.S.  prototype  examples  of 
each  shoreline  type. 


Selection  of  functional  alternatives 

Each  planform  alternative  has  different  sediment  transport  patterns  and 
effects  on  the  project  area,  and  certain  advantages  and  disadvantages  exist  for 
each.  The  resulting  shoreline  configuration  d^ends  on  a  number  of  factors 
including  the  longshore  transport  environment,  sand  supply,  wave  climate,  and 
geometry  of  the  breakwater  system. 
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Hgure  9.  Detached  breakwaters  with  tombolo  formations  at  Central  Beach 
Section,  Colonial  Beach,  Virginia 


Figure  10.  Salient  that  formed  after  initial  construction  at  the  Redington 
Shores,  Rorida,  breakwater 
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a.  Aerial  view  showing  limitad  response,  but  bar  formation 


b.  Limited  beach  response 

Figure  1 1 .  Limited  shoreline  response  due  to  detached  breakwaters  at  East 
Harbor  State  Park,  Ohio 
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Sattcnt  romuUkm.  Generally,  a  salient  is  die  prderred  re^nse  for  a 
detadied  breakwater  system  becaise  longshore  transport  can  cominue  to  move 
dirough  die  project  area  to  downdrift  beaches.  Salient  formation  also  allows 
die  creation  of  a  low  wave  energy  environment  for  recreational  swimming 
shoreward  of  die  structure.  Salients  are  likdy  to  predominate  if  die 
breakwaters  are  sufficiendy  far  from  shore,  short  with  respect  to  incidmt 
wave  length,  and/or  rdatively  transmissible  (EM  1 1 10-2-1617).  Wave  action 
and  longshore  currents  toid  to  ke^  die  shordine  from  connecting  to  die 
structure.  and  Dean  (1986)  di^inguish  between  wdl-devdoped  salients, 
which  are  characterized  by  a  balanced  sediment  budget  and  stable  shordine, 
and  subdued  salients,  which  are  less  sinuous  and  uniform  through  time,  and 
may  experience  periods  of  increased  loss  or  gain  of  sediment. 

Tombolo  formation.  If  a  breakwater  is  located  close  to  diore,  long  with 
respect  to  the  incident  wavelength,  and/or  sufficiendy  inqiemieable  to  mcident 
waves  Oow  wave  transmission),  sand  will  likely  accumulate  in  the  structure’s 
lee,  forming  a  tombolo.  Aldiou^  some  longstore  tran^rt  can  occur 
offrhore  of  the  breakwater,  a  tombolo-detached  breakwater  system  can 
function  similar  to  a  T-groin  by  blocking  transport  of  material  shoreward  of 
the  structure  and  promoting  o^ore  sediment  losses  via  rip  currents  through 
the  gaps.  This  interruption  of  the  littoral  system  may  starve  downdrift 
beaches  of  their  sediment  supply,  causing  erosion.  If  wave  energy  in  die  lee 
of  die  structure  is  variable,  pmodic  tombolos  may  occur  (Pope  and  Dean 
1986).  During  high  wave  energy,  tombolos  may  be  severed  from  the 
structure,  resulting  in  salients.  During  low  wave  energy,  sediment  again 
accretes  and  a  tombolo  returns.  The  effect  of  periodic  tombolos  is  the 
tmqiorary  storage  and  release  of  sediment  to  the  downdrift  r^on.  If  the 
longshore  transport  regime  in  the  project  area  is  variable  in  direction  or  if 
adjacoit  shoreline  oosion  is  not  a  concern,  tombolo  formation  may  be 
appropriate.  Tombolos  have  die  advantages  of  providing  a  wide  recreational 
area  and  facilitated  maintenance  and  monitoring  of  die  structure,  althou^  diey 
also  allow  for  public  access  out  to  die  structure  which  may  be  undesirable  and 
potentially  dangerous. 

Artificial  headlands.  In  contrast  to  detached  breakwaters,  where  tombolo 
formation  is  oftra  discouraged,  an  artificial  headland  system  is  designed 
^lecifically  to  form  a  tombolo.  Artificial  headland  design  sedts  to  emulate 
natural  headlands  by  creating  stable  beaches  landward  of  the  g^s  between 
structures.  Also  termed  log-spiral,  crenulate-shaped,  or  pocket  beaches,  most 
headland  beaches  assume  a  shiqie  related  to  die  predominant  wave  approach 
widi  a  curved  section  of  logarifomic  spiral  form  (Chew,  Wong,  and  Chin 
1974;  Silvesto-,  Tsuchiya,  and  Shibano  1980).  Shoreline  configurations 
associated  with  headland  breakwatm  are  discussed  m  Silvester  (1976)  and 
Silvester  and  Hsu  (1993).  Figure  12  shows  the  headland  breakwater  and 
beach  fill  system  at  Maumee  Bay  State  Park,  Oregon,  Ohio,  designed  by  the 
USAED,  Buffalo  (Bender  1992). 

Wetland  stabilization  and  creation.  Breakwaters  can  be  used  as  retention 
or  protective  structures  when  restoring,  enhancing,  or  creating  wedand  areas. 
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Figure  1 2.  Artificial  headland  and  beach  fill  system  at  Maumee  Bay  State 
Park,  Ohio  (from  Bender  (1992)) 

The  desired  planfbnn  bditnd  the  breakwato^  in  this  type  of  application  is 
marsh  devd(q)ment,  the  extent  of  which  tends  to  be  site-specific  (Figures  13 
and  14).  The  primary  objective  of  die  structure  is  to  contain  placed  dredge 
material  and  protect  existing  or  created  wetland  areas  from  wave,  currem,  or 
tidal  action.  The  wetland  may  or  may  not  extend  out  to  the  structure. 
Depending  on  the  habitat,  frequent  exchange  of  fresh  or  saltwater  may  be 
in^iortant.  (Considerations  and  guiddines  for  marsh  devdopmrat  are  provided 
in  EM  1110-2*5026;  Knutson,  Allen,  and  Wd)b  (1990);  and  U.S.  Dqiartrnem 
of  Agriculture  (1992). 


Techniques  for  controlling  shoreline  response 

After  selection  of  a  desired  beach  planform,  the  extent  of  incident  wave 
reduction  or  modification  to  encourage  the  formation  of  that  planform  must  be 
determined.  Various  teduiiques  and  design  tools  used  to  predict  and  control 
shordine  response  are  reviewed  in  later  sections  of  diis  chapter. 


Functional  Design  Concerns  and  Parameters 


Parametm  affecting  morphological  response  and  subsequently  the 
functional  design  of  detached  breakwaters  include  wave  height,  length,  period, 
and  angle  of  wave  approach;  wave  variability  parameters  such  as  seasonal 
changes,  water  levd  range,  sediment  supply  and  sediment  size;  and  structural 
parameters  such  as  structure  Iragth,  gap  distance,  depth  at  structure,  and 
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a.  Aerial  view  ahowing  beach  arnl  vegetation  deveiopinent 


. . - 


b.  Vegetation  established  in  the  lee  of  a  breakwater 

Figure  13.  Pot-Nets  breakwater  project  in  Millsboro,  Delaware  (photos 
courtesy  of  Andrews  Miller  and  Associates,  Inc.) 
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Figur*  1 4.  Marsh  grass  (Spartina)  plantings  behind  breakwaters  at  Eastern 
Neck,  Maryland 

structure  transmission.  Figure  15  provides  a  definition  sketch  of  parameters 
related  to  detadied  breakwater  design.  Parameter  definitions  are  provided  in 
Appendix  B. 

Morphological  re^nse  duuacteristics  that  need  to  be  considered  in  design 
are:  resultant  beach  widdi  and  planfbrm,  magnitude  and  rate  of  sediment 
trapping  as  related  to  the  longshore  transport  rate  and  r^ional  inq>acts, 
sinuosity  of  the  beach  planfbrm,  beach  profile  slope  and  uniformity,  and 
stability  of  the  beach  regardless  of  seasonal  changes  in  wave  climate,  water 
levds,  and  storms  (Pope  and  Dean  1986). 

Artificial  headland  design  parameters  include  the  approach  direction  of 
dominant  wave  energy,  length  of  individual  headlands,  distance  ofl^ore  and 
location,  g^  width,  crest  devation  and  widdi  of  headlands,  and  artificial 
nourishment  (Bishop  1982;  USAED,  Buffirio  1986;  Hardaway  and  Gunn 
1991a  and  1991b).  A  definition  sketch  of  an  artificial  beadl^  breakwater 
system  and  beach  planform  is  provided  (Figure  16). 

Consideratkins  for  structures  used  for  wetland  development  include 
pn^ierties  of  the  dredged  material  to  be  retained  or  protected,  maximum 
hei^t  of  dredged  material  above  firm  bottom,  required  d^ee  of  protection 
from  waves  and  currents,  useful  life  and  permanence  of  the  structure, 
foundation  conditions  at  the  site,  and  availability  of  the  structure  material 
(EM  1 1 10-2-5026).  These  considerations  will  determine  whedier  a  structure 
is  feasible  and  cost-effective  at  a  particular  wetland  site.  If  an  area  is  exposed 
to  a  hi^  wave  energy  climate  and  current  action  or  water  depths  are  too 
great,  a  breakwater  may  not  be  cost-effective  relative  to  the  amount  of  marsh 
Oiat  will  be  developed.  Although  morphological  response  due  to  sediment 
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Hgura  IS.  DafMtion  atotch  of  tarms  usod  in  dotachad  braakwatar  daaign  (modifiad  from 
Roaati  (1990) 


Figura  16.  Dafinition  skatch  of  artificial  haadland  ayatam  and  beach  planform  (from 
EM  1110-2-1617) 


20 


Chapter  2  Functional  Daaign  Guidance 


tranqwtt  may  not  be  as  significant  a  concern  when  using  breakwaters  for 
wedands  purposes,  many  of  the  design  concerns  and  data  requiremems,  such 
as  wave  ^  current  climate,  are  the  sanw  as  those  necessary  for  traditional 
breakwater  design.  The  folfowing  sections  discuss  concerns  diat  must  be 
addressed  and  evaluated  during  funcdonal  design  of  a  detached  breakwater 
system.  The  effects  of  a  structure  on  various  coastal  processes  as  well  as  the 
effects  of  coastal  parameters  on  shoreline  response  are  discussed. 


Structural  conddcradoiw 

Structural  configuration  is  die  extern  of  protection  provided  by  the  structure 
plan  and  is  defined  by  several  design  parameters;  s^ment  length,  g^i  widdi, 
project  lengdi,  nuihb«  of  s^rnems,  cross-sectional  design  (transmission),  and 
distance  ofbhore  (Ptq;>e  and  Dean  1986).  These  design  parameters  should  be 
considered  reladve  to  the  wave  climate  and  potential  efkcts  on  coastal 
processes  as  described  in  the  following  sections. 

Sli^  versus  multiple  segmented  system.  Use  of  single  offshore 
breakwaters  in  the  Uni^  States  is  not  a  new  concept;  however,  most  have 
been  built  widi  the  objective  of  providing  safe  navigation  and  not  as  shore 
protection  or  stabilization  devices.  One  of  the  first  single  rubble-mound 
breakwater  projects  was  constructed  at  Vraice,  California,  in  1905  for  die 
initial  purpose  of  protecting  an  amusement  pier.  A  tombolo  eventually  formed 
in  die  lee  of  the  Venice  breakwater  (Figure  17).  Use  of  s^mented  systans  in 
the  United  States  has  been  limited  in  goiaral,  but  has  increased  substantially  in 
the  past  two  decades  (for  example,  see  Figures  2,  7,  8,  and  18).  The  use  of 
s^mented  systems  as  shore  protection  devices  has  been  more  extensive  in 
odier  countries  sudi  as  Jtgian,  Israd,  and  Singapore  (see  Figures  3  and  4)  dian 
in  the  United  States. 

The  decision  to  use  a  single  versus  a  multiple  system  is  essentially  based 
on  die  lengdi  of  shordine  to  be  protected.  If  a  rdativdy  long  laigdi  of 
shordine  needs  to  be  protected  and  tombolo  devdqiment  is  not  desired,  a 
multiple  s^mented  system  with  gtqis  should  be  designed.  Construction  of  a 
single  long  breakwater  will  result  in  the  formation  of  a  single  or  double 
tombolo  configuration.  As  discussed  previously,  tombolo  formation  in  a 
continuous  littoral  system  may  advmdy  impact  downdrift  beadies  by 
blocking  their  sediment  supply.  A  properly  designed  multiple  system  will 
promote  the  formation  of  ^ients,  but  will  continue  to  allow  a  percentage  of 
the  longshore  transport  to  pass  through  the  project  area,  thus  minimizing 
erosion  along  the  downdrift  shorelines. 

The  number  of  breakwaters,  their  length,  and  g^  width  are  dqiendent  on 
the  wave  climate  and  desired  beach  planform.  Several  long  breakwaters  with 
wide  gqis  will  result  in  a  sinuous  shoreline  with  large  amplitude  salimts  and  a 
qiatial  periodicity  equal  to  die  spacing  of  the  structures;  that  is,  diore  will  be  a 
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Figura  1 7.  Singla  detached  breakwater  at  Venice  Beach,  California 


Figure  1 8.  Segmented  detached  breakwaters  near  Peveto  Beach,  Louisiana 
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laiie  salient  bdiind  each  breakw^  (EM  1110-2-1617)  (Figure  19a). 
Numerous  more  closdy  spaced  segments  will  also  result  in  a  sinuous 
shordine,  but  widi  more  closely  spaced,  smaller  salients  (Figure  19b).  If 
uniform  slmreline  advance  is  desfoed,  a  s^mettted  syston  widi  small  g^  or 
a  single  long  breakwater  with  adequate  wave  overtopping  and  transmission 
should  be  considered. 

Gap  width.  Wide  g^s  in  a  summit  system  allow  more  wave  energy  to 
enter  die  area  behind  die  breakwatm.  The  ratio  of  gap  widdi  to  wave  lengdi 
can  significandy  affect  the  distribution  of  wave  height  in  the  lee  (Dally  and 
Pope  1986).  By  increasing  die  gap-to-wave  length  ratio,  the  amount  of  wave 
energy  pmietrating  landward  of  the  breakwaters  is  increased. 

Wave  diffraction  at  a  gap  can  be  computed  using  the  numerical  shoreline 
response  model  GENESIS  ^anson  and  Kraus  1989b,  1990;  Gravens,  Kraus, 
and  Hanson  1991).  GENESIS  calculates  diffraction  and  refraction  for  random 
waves  and  accounts  for  wave  shoaling  and  breaking.  The  effect  of  diffraction 
on  a  wave  which  passes  through  a  gap  can  also  be  calculated  using  diffraction 
diagrams  found  in  die  Shore  Protection  Manual  (SPM)  (1984);  however,  diese 
simple  diagrams  are  for  monochromatic  waves  and  do  not  account  for  wave 
shoaling  or  breaking.  If  die  design  wave  breaks  before  passing  the 
breakwater,  values  estimated  by  the  diagrams  could  be  significandy  higher 
than  may  be  expected. 

Dally  and  Pope  (1986)  suggest  that  gaps  should  be  sized  according  to  the 
desired  equilibrium  shoreline  position  opposite  each  gsqi.  Unless  the  gap-to- 
incident  wave  length  ratio  is  very  small,  there  will  be  minimal  reduction  in 
wave  height  at  the  shoreline  direcdy  opposite  each  gap.  Without  an  adequate 
sediment  supply,  the  shoreline  will  probably  not  accrete  and  may  even  e^e 
in  these  areas.  Generally,  Dally  and  Pope  recommend  that  gaps  should  be  at 
least  two  wave  lengths  wide  relative  to  those  waves  that  cause  average 
sediment  transport. 

The  "exposure  ratio"  is  defined  as  the  ratio  of  gap  width  to  the  sum  of 
breakwater  length  and  gsqi  width,  or  the  fraction  of  foe  shoreline  direcdy  open 
to  waves  through  foe  gaps  (EM  1 1 10-2-1617).  Exposure  ratio  values  for 
various  prototype  projects  are  provided  in  Table  2  and  range  from  0.25  to 
0.66.  Injects  that  are  design^  to  contain  a  beach  fill  within  fixed 
boundaries  have  larger  ratios  (such  as  Presque  Isle,  Pennsylvania). 
C^mparativdy,  foe  ratio  at  Winforop  Beach,  Massachusetts,  where  wide  gaps 
were  included  to  allow  for  small  craft  navigation,  is  0.25.  Comparison  of 
these  prototype  values  provides  insight  to  project  design  at  other  locations. 

Structure  oricntaUon.  The  size  and  shape  of  foe  resulting  planform  can 
be  affected  by  foe  breakwater’s  orientation  rdative  to  incident  wave  angle  and 
orientation  of  foe  pre-project  shoreline.  Shoreline  configuration  will  change 
relative  to  foe  wave  diffraction  patterns  of  foe  incident  waves.  If  incident 
wave  energy  is  predominandy  oblique  to  foe  shoreline,  orientation  of  foe 
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Tafalu2 

"ExpoMira  Ratios"  for  VarioiM  Prototypa  Multipla  Braakwater 
Projacta'  (ModHiod  from  EM  1110-2-1617} 

Ftalaet 

Eapeaure  Rada 

SHoMlns  RsciMfww 

Winthrop  Beach,  MA 

0.2S 

Permanent  tombdoa  (low 
tide);  well-davelopad  salients 
(high  tide) 

Lakeviaw  Park,  Lorain,  OH 

0.36 

Subdued  salients 

Caatlewood  Park,  Colonial  Beach,  VA 

0.31  to  0.38 

Permanent  tombolos 

Central  Beach,  Colonial  Baach,  VA 

0.39  to  0.45 

Periodic  tombolos 

East  Haitior,  State  Park,  OH 

0.56 

Limited 

Preaqua  lala,  Eria,  PA 
(axparimental  prototype) 

(h^auNo  model) 

0.56  to  0.66 

0.60 

Parmartant  tombolos 

^  TIm  'eapoaura  ratio*  ia  defined  aa  the  ratio  of  gap  width  to  tt«e  sum  of  tiM  breakwater 
length  artd  gap  wridth.  It  ia  the  fraction  of  shoreline  directly  exposed  to  waves  and  is  equal 
to  the  fraction  of  inddenc  wave  energy  reaching  the  shoreline  through  the  gaps.  A 
'sheltering  ratio*  that  is  the  fraction  of  incident  wave  energy  intercepted  by  the 
breakwaters  and  kept  from  the  shoreline  can  also  be  defiited.  It  is  equal  to  1  minus  the 
'expoaure  ratio.” 

breakwater  parallel  to  incoming  wave  crests  will  protect  a  greater  length  of 
shoreline  and  reduce  toe  scour  at  the  breakwater  ends. 

Location  with  respect  to  breaker  zone.  If  die  breakwater  is  placed 
substantially  landward  of  the  breaker  zone,  tombolo  devdopment  may  occur. 
However,  a  significant  amount  of  longshore  transport  may  continue  to  pass 
seaward  of  die  breakwato’,  thus  alleviating  the  effects  of  a  tombolo  on 
downdrift  shorelines.  A  disadvantage  of  a  breakwater  withm  the  breaker  zone 
may  be  substantial  scour  at  the  structure’s  toe.  Generally,  detached 
breakwaters  designed  for  shore  protection  along  an  open  coast  are  placed  in  a 
range  of  water  depdis  betwera  1  and  8  m  (Dally  and  Pope  1986). 

Structural  mitigation  methods  for  impacts  on  a4jacent  shordines.  End 
effects  from  a  breakwater  project  can  be  reduced  by  creating  a  gradual  transi¬ 
tion  or  imbetface  between  Ae  protected  shoreline  and  adjacent  shordines 
(Hardaway,  Gunn,  and  Reynolds  1993).  Hardaway,  Gunn,  and  Reynolds 
(1993)  document  various  methods  for  structurally  transitioning  the  ends  of 
breakwata*  systems  in  the  Chesapeake  Bay.  Structural  methods  used  at  the  12 
sites  investigated  include  shorter  and  lower  breakwaters,  hooked  or  inclined 
groins,  small  T-head  groins,  and  spur-breakwaters.  Based  on  project  expai- 
ence  in  the  Chesapeake  Bay,  Hardaway,  Gunn,  and  Reynolds  (1993)  recom¬ 
mend  hooked  or  skewed  groins  where  adjacent  effects  are  predicted  to  be  min¬ 
imal;  T-head  groins  where  the  dominant  direction  of  wave  i^proadi  is  shore- 
normal;  and  short  groins,  spur-breakwaters  and  low  breakwaters  placed  close 
to  shore  when  the  dominant  wave  direction  is  oblique.  The  use  design  of 
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these  methods  will  vary  with  each  breakwatn^  project  site.  If  possible, 
shordine  morphology,  such  as  a  natural  headland  or  credc,  should  be  used  to 
terminate  the  breakwater  project  and  minimize  impacts  on  adjacent  shorelines. 


Wavn  cHmate 

Structural  effects  on  wave  environment.  Breakwaters  reduce  wave 
energy  at  the  sbordine  by  protecting  the  sbordine  from  direct  wave  attack  and 
transforming  the  incoming  waves.  Wave  energy  is  dissipated  on  and  reflected 
from  the  structure,  or  diffracted  around  the  breakwater’s  ends  causing  the 
waves  to  spread  laterally.  Some  wave  energy  can  reach  the  breakwater’s  lee 
by  transmission  through  the  structure,  regeneration  in  the  lee  by  ovotopping 
waves,  or  diffraction  around  die  structure’s  ends.  As  most  det^ed 
breakwato*  projects  are  constructed  in  shallow  water,  incident  wave  emexgy  is 
oftoi  controlled  by  local  water  depth  and  variability  in  nearshore  bathymetry. 
Average  wave  conditions,  as  opposed  to  extreme  or  storm  wave  conditions, 
generally  control  the  characteristic  condition  of  the  shoreline. 

Wave  Affiraction.  Shoreline  response  to  detached  breakwaters  is 
primarily  controlled  by  wave  diffraction.  The  diffraction  pattern  and  wave 
heights  in  the  breakwater’s  lee  are  determined  by  wave  hei^t,  length,  and 
angle,  cross-sectional  design,  and  for  segmented  structures,  the  gap-to-wave 
length  ratio.  The  resulting  ^oreline  alignment  is  geno'ally  parallel  to  the 
diffracted  wave  crests. 

If  incident  breaking  wave  crests  are  parallel  to  the  initial  shoreline  (a 
condition  of  no  longshore  transport),  the  waves  diffracted  into  the 
breakwater’s  shadow  zone  will  transport  sediment  from  foe  edges  of  this 
region  into  foe  shadow  zone  (Fulford  1985).  This  process  will  continue  until 
foe  beach  planform  is  parallel  to  foe  diffracted  wave  crests  and  zero  longshore 
transport  9gain  results  (Figure  20).  For  oblique  incident  waves,  foe  longshore 
transport  rate  in  foe  breakwater’s  lee  will  initially  decrease,  resulting  in 
sediment  deposition  (Figure  21).  A  bulge  in  foe  shoreline  will  develop  and 
continue  to  grow  until  a  new  equilibrium  longshore  transport  rate  is  restored 
or  a  tombolo  results. 

Wave  height.  The  magnitude  of  local  diffracted  wave  heights  is  geno'ally 
detnmined  by  their  distance  from  foe  breakwater’s  ends,  or  by  their  location 
relative  to  foe  g^  in  a  segmented  system  (EM  1 1 10-2-1617).  Wave  height 
affects  foe  pattern  of  diffracted  wave  crests,  and  therefore  affects  foe  resulting 
beach  planform.  For  shallow  water  of  constant  depth,  linear  wave  theory 
predicts  foe  circular  pattern  of  diffracted  wave  crests  shown  in  Figure  22a. 
However,  for  very  shallow  water  where  wave  amplitude  affects  wave  celerity 
C,  foe  celerity  decreases  along  foe  diffracted  wave  crests  in  relation  to  foe 
decrease  in  wave  height.  Figure  22b  shows  foe  distorted  diffraction  pattern,  a 
series  of  arcs  of  decreasing  radius,  which  results.  The  latter  situation  usually 
results  in  tombolo  formation  if  foe  undiffracted  portion  of  foe  wave  near  foe 
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Rgure  20.  Shoreline  response  due  to  wave  crests  approaching  parallel  to 
the  shoreline  (from  Fulford  (1985)} 


Figure  21 .  Shoreline  response  due  to  wave  crests  approaching  obliquely  to 
the  shoreline  (from  Fulford  (1985)) 


breakwater  readies  the  shore  before  the  waves  diffracted  around  the 
structure’s  ends  intersect  (Dally  and  Pope  1986). 

Wave  overtopping  and  transmission.  Wave  energy  transmitted  landward 
of  the  breakwater  due  to  overtopping  and  transmission  Arou^h  the  structure 
can  also  affect  beach  planfbrm  development  and  stability.  If  adequate  wave 
energy  is  allowed  to  pass  through  or  over  the  structure,  tombolo  formation 
can  be  prevented  and/or  salient  formation  can  be  inhibited.  Tide  level,  wave 
height  and  period,  and  structure  slope  and  roughness  all  have  effects  on  the 
amount  and  form  of  energy  transmitted  due  to  overtopping  {Shore  Proteaion 
Manual  1984).  If  overtopping  occurs,  the  beach  planform  tends  to  flatten  and 
spread  laterally  in  a  uniform  manner;  however,  waves  overtopping  the 
structure  have  a  shorts  period  than  the  incident  wave  and  are  highly 
irregular.  Wave  energy  passing  through  the  structure  is  transmitted  at  the 
Ramft  period  as  the  incident  waves,  and  is  often  more  predictable  and  regular 
than  that  produced  by  overtopping.  In  design,  wave  heights  due  to 
ov^topping  are  generally  determined  by  the  structure’s  crest  elevation,  and 
wave  transmission  through  a  breakwater  is  determined  by  the  structure’s 
permeability.  A  low-crested  reef  type  breakwater  is  designed  to  allow 
periodic  overtopping  of  the  structure  by  incident  waves,  thus  preventing 
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CIRCULAR  DIFFRACTED  WAVE  CRESTS 


INCIDENT 
WAVE  CRESTS 

a.  Diffraction  at  a  breakwater  assuming  linear  wave  theory 


b.  Diffraction  at  a  breakwater  including  the  effects  of  amplitude  and  dispersion 


Rgure  22.  Comparison  of  diffraction  pattern  theory  <from  Daily  and  Pope  (1986)) 
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tombok)  fimnitioii.  Wave  transmission  is  discussed  in  more  detail  in 
Giapter  4,  Structural  Design  Guidance. 

Wavelength.  Generally,  the  amount  of  wave  miergy  diffracted  into  a 
structure’s  lee  increases  with  increasing  wavelengdi.  Assuming 
monoduonuttic  waves  and  a  flat  bottom,  wave  length  will  not  change  the 
patttfn  made  by  die  wave  crests,  but  will  affect  die  wave  hei^t  at  each 
location.  ^  analysis  using  the  diffraction  diagrams  provided  in  the  Ifftore 
Protection  Manual  (1984)  can  simplistically  compute  the  amount  of  energy 
diat  reaches  die  lee  of  the  breakwato’.  An  example  problem  using  die 
diffraction  analysis  is  presmted  in  Dally  and  Pope  (1986). 

Wave  angle.  Equilibrium  beach  planfbrm  and  degree  of  salient 
development  can  be  significandy  affected  by  incident  wave  angle  rdative  to 
bodi  the  shordine  and  structure.  Design  must  not  only  consider  predominant 
wave  direction,  but  also  the  average  annual  wave  angle  distribution.  Salients 
and  tombolos  tend  to  align  with  the  predoniinam  wave  direction.  Generally, 
the  feature's  apex  is  near  the  center  of  the  breakwater  and  is  filled  more  on 
the  updrifi  than  die  downdrift  side.  If  predominant  waves  are  extrmnely 
oblique  to  die  tiiordine,  the  beach  planform  and  feature’s  apex  can  be  shifted 
downdrift  and  can  change  with  seasonal  variations  in  wave  direction.  Oblique 
waves  can  also  drive  a  r^ional  longshore  current,  which  may  dominate  locid 
effects  of  die  breakwater  and  limit  salient  development.  Increasing  die 
structure’s  length  can  subdue  die  effect  of  the  oblique  waves. 

Wave  conditions  seaward  of  breakwater.  Waves  reflected  from  die 
seaward  side  of  the  structure  can  sometimes  interact  widi  incident  waves  and 
cause  a  partial  standing  wave  pattern  seaward  of  die  breakwater  (EM  1 1 10-2- 
1617).  This  incr^ised  wave  action  can  cause  scour  on  the  seaward  side  of  die 
structure,  potentially  creating  foundation  problems.  A  structure’s  reflectivity 
is  largdy  determined  by  crest  devation,  permeability,  and  type  of  construction 
material.  Rubble-mound  structures  are  the  least  reflective  detadied 
breakwater  construction  type. 


Effocts  of  breakwater  on  nearshore  currents 

Construction  of  a  breakwater  system  can  affect  nearshore  currents  in  two 
ways:  reduction  of  longshore  current  in  the  vicinity  of  the  structure,  and 
creation  of  a  net  seaward  flow  of  water  through  gaps  in  a  s^mented  systmn 
(EM  1 1 10-2-1617).  On  an  open-coast  beach,  a  longshore  current  is  generated 
by  waves  approaching  the  shoreline  at  an  angle.  The  placmnent  of  a  structure 
introduces  an  interruption  to  this  natural  system.  The  longshore  current  will 
gmierally  respond  by  slowing  or  stopping  when  it  moves  into  the  project  area, 
thus  reducing  the  current’s  sediment  carrying  capacity  and  dqiositing  sand  in 
die  structure’s  lee.  The  structure’s  length  and  distance  from  shore  are  two 
design  parameters  that  must  be  considered  when  evaluating  die  breakwater’s 
effect  on  longdiore  currrats  and  sediment  transport.  For  example,  a  relatively 
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long  Iweakwater  will  cause  a  greater  reduction  of  longshore  curreitt  in  the 
project  area  dian  a  short  breakwater. 

If  die  breakwater’s  crest  elevation  is  sufficiently  low  and  ovntopping 
occurs,  water  levd  behind  the  breakwater  is  increased  and  flow  occurs  around 
the  structure.  In  a  multiple  s^;meot  system,  this  results  in  a  net  seaward  flow 
through  die  gaps,  which  can  cause  of^ore  sediment  losses,  structural  scour, 
and  create  a  hazard  to  swimmm.  Ihe  magnitude  of  return  currmits  dinnigh 
die  gaps  can  be  reduced  by  increasing  crest  devation,  g^  widdi,  and/or 
structure  permeability.  S^ig  and  Walton  (1980)  present  a  mediod  for 
estimating  flow  rate  through  the  gaps  of  of^ore  segmented  breakwaters 
caused  by  wave  overtopping.  The  effects  of  wave  height  and  period, 
breakwater  freeboard,  breakwater  length  and  spacing,  distance  offshore,  water 
dqidi,  and  shore  attachment  are  considered  relative  to  flow  fate  through  the 
gaps.  Seelig  and  Walton  (1980)  recommend  that  the  gap  velocity  should  not 
exceed  O.S  ft/sec  (0.15  m/sec)  for  extreme  design  conditions.  Vdocities 
greater  than  diis  could  cause  significant  offshore  losses  of  sediment  and  scour 
around  the  structure’s  foundation. 


Effects  of  breakwater  on  longshore  transport 

The  longshore  transport  rate  (2  rafe  at  which  littoral  material  moves 
alongshore  in  die  surf  zone  from  currents  produced  by  breaking  waves. 
Detached  breakwaters  can  signiflcantiy  reduce  longshore  transport  throu^  a 
project  area.  Reduction  of  wave  heights  and  wave  diffraction  around  the 
brnkwate-’s  ends  primarily  de^mines  the  reduction  in  transport  capacity.  If 
a  salient  forms,  longshore  transport  can  continue  to  move  through  die  project 
area;  however,  a  tombolo  can  act  as  a  total  barrier  of  longshore  transport 
causing  a  sediment  deficiency  at  downdrift  beaches.  Some  longshore  transport 
may  be  redirected  seaward  of  the  breakwater,  but  may  also  result  in  an 
off^ore  loss  of  material.  Structure  length,  distance  offehore,  crest  devation, 
and  gip  width  may  be  modified  to  vary  the  resulting  transport  rate  during 
design  of  a  breakwater  system.  Once  constructed,  modifications  to  the 
transport  rate  are  more  difficult;  however,  reduction  of  crest  elevation  or 
increasing  permeability  can  be  undertaken  to  allow  more  wave  energy  to 
penetrate  the  structure.  This  was  conducted  at  the  Redington  Shores,  Florida, 
detached  breakwater  project  where  tombolo  formation  and  subsequent 
blocking  of  longshore  transport  occurred  (Chu  and  Martin  1992). 

The  effects  of  a  breakwater  on  die  shoreline  dqiend  on  both  net  and  gross 
transport  rates.  Shoreline  response  both  at  the  structure  and  on  adjacent 
shordines  can  occur  riqiidly  if  transport  rates  are  large,  or  can  take  several 
years  for  low  transport  rates.  If  net  transport  in  a  project  area  is  nearly  zero, 
but  gross  transport  is  not  zero,  the  breakwater’s  major  effects  will  be  limited 
to  the  general  vicinity  of  the  structure;  however,  some  effects  of  the  structure 
can  be  experienced  on  updrift  and  downdrift  beaches  over  time. 
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Effects  of  breakwater  on  onahora-offshore  transport 

Breakwater  construction  can  reduce  offshore  transport  by  presoiting  a 
physical  barrio  to  offshore  transport  and  by  reducing  wave  heights  and  wave 
steepness,  which  tends  to  promote  onshore  transport  of  material  in  the 
breakwater’s  lee.  However,  for  segmented  systems,  especially  low-crested, 
impermeable  structures,  a  net  seaward  return  flow  of  water  can  occur  through 
die  gaps,  promoting  offshore  loss  of  sediment.  Reduction  of  seaward  flow 
dirou^  the  gaps  was  discussed  in  the  previous  section. 


Influaneo  of  other  coastal  parameters 

Water  levels.  Water  level  variations  influence  the  magnitude  of  wave 
energy  in  the  lee  of  the  breakwattf,  which  in  turn  influences  shoreline 
configuration  and  consequendy  must  be  considwed  in  functional  design. 

Dally  and  Pope  (1986)  suggest  that  water  level  fluctuations  of  over  1.5  m  will 
tend  to  hinder  permanent  tombolo  formation,  especially  if  significant  wave 
overtopping  of  the  structure  occurs,  and  may  prevent  foe  salient  from  attaining 
a  smoofo  equilibrium  shtqie.  The  Winforop  Beach,  Massachusetts,  project 
experiences  a  relatively  large  tidal  range  (2.7  m)  and  has  two  distinct 
planforms  during  hi^  and  low  tide  conditions  (Figure  23).  Projects 
constructed  on  foe  Great  Lakes  or  Chesapeake  Bay  will  experience  less 
dramatic  water  level  fluctuations;  however,  variations  in  water  level  may 
cause  significant  seasonal  or  longer  period  changes  in  foe  equilibrium  beach 
planform. 

Sediment  characteristics.  Sediment  particle  size  and  distribution  affect 
longshore  transport  and  profile  shape,  and  therefore  have  some  influence  over 
the  resulting  b«ufo  planform.  Because  a  coarse-grained  beach  equilibrium 
profile  will  be  steq)er,  a  structure  should  be  placed  in  relatively  deq)er  wato' 
(Dally  and  Pope  1986). 


Data  Requirements  for  Design 


Data  requirements  for  both  functional  and  structural  design  depend  on  foe 
mefliods  and  evaluation  tools  used  in  foe  specific  project  design.  This  section 
discusses  data  requirements  necessary  for  an  undersumding  of  site 
characteristics  and  coastal  processes  relative  to  functional  design  of  detached 
breakwaters. 


Water  levels 

Both  foe  functional  and  structural  design  of  detached  breakwaters  require 
data  on  foe  range  of  water  levels  that  can  be  expected  to  occur  at  a  project 
site.  Prevailing  water  levels  will  determine  where  waves  may  affect  foe  beach 
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a.  Low  tida  conditions  showing  periodic  tomboio  formations 


b.  High  tide  conditions  showing  salient  formations  with  tombolos 
submerged 

Rgure  23.  Breakwater  at  Winthrop  Beach,  Massachusetts,  in  1981  (from 
Dally  and  Pope  (1986)) 
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profile  and  wdiere  wave  fiorcea  may  act  on  a  structure  (EM  1 1 10-2-1617).  The 
use  of  water  levels  in  structural  design  is  described  in  CHiapter  4. 

Water  levd  variations  are  caused  by  astronomical  tides,  storm  tides,  and 
for  the  Great  Lakes,  long-period  hydrologic  factors  and  sdches.  Design  water 
levds  are  usually  described  statistically  in  terms  of  the  frequency,  or 
(wobability  that  a  given  water  level  will  be  equaled  or  exce^ed,  or  its  return 
period  in  years.  The  design  may  also  include  storm  surge  with  a  q>ecified 
return  period,  and/or  may  account  for  increased  water  levels  due  to  sea  level 
rise.  Detailed  information  on  the  prediction  of  tides  and  storm  surges  is 
provided  in  EM  1110-2-1414,  Water  Levels  and  Wme  Heights  far  Coastal 
Engineering  Design,  and  EM  1 1 10-2-1412,  Storm  Surge  Analysis  and  Design 
Water  Level  Determination. 

As  described  in  EM  1 1 10-2-1617,  wat»  level  data  for  coastal  areas  are 
available  from  die  National  Oceanic  and  Atmospheric  Administration’s 
(NOAA)  National  Ocean  Service  (NOS)  for  areas  udiere  NOAA  operates  tide 
gauges.  Tide  tables  containing  water  level  information  are  published  annually 
by  NOAA.  Data  on  historical  water  levels  of  the  Great  Lakes  are  available 
from  NOS  and  from  sources  such  as  the  USAED,  Detroit  (for  example, 
USAED,  Detroit  (1986)),  v^idi  provides  mondily  summaries  of  act^  and 
predicted  lake  levds.  Odier  sources  of  wder  levd  data  include  USAGE 
General  Design  Memoranda  for  specific  project  sites  and  Federal  Emergency 
Management  Agency  flood  insurance  studies.  Water  levd  statistics  for  the 
east  coast  are  presented  in  Ebersole  (1982),  and  in  Harris  (1981)  for  predicted 
astronomicd  tides. 


Waves 

Wave  data  are  required  for  both  the  functional  and  structural  design  of 
detached  breakwaters.  Structural  design  groarally  focusses  on  larger  waves  in 
the  wave  climate,  who-eas  functional  design  examines  a  complete  data  set  and 
includes  smaller  waves  diat  can  cause  sediment  transport.  Data  requirements 
for  structural  design  are  discussed  in  (Chapter  4. 

Waves  primarily  control  beach  planform  development  at  a  breakwater 
project  since  they  contribute  to  bofo  cross-shore  and  longshore  sediment 
traniqwrt.  For  factional  design,  time  series  of  wave  hei^t,  pmiod,  and 
direction  are  needed  for  determination  of  longshore  transport  rates  in  the 
vicinity  of  die  project.  Incident  wave  heights,  periods,  and  direction  are  also 
used  to  detmnine  wave  conditions  in  the  lee  of  the  breakwater  and  to  estimate 
die  resulting  beach  planform.  The  average,  extremes,  and  seasonal  variability 
of  the  waves  define  die  miergy  available  for  sediment  transport.  Howevo*,  the 
equilibrium  beadi  planform  is  generally  d^«mined  by  the  avm-age  range  of 
conditions  rather  than  extreme  events.  The  prevailing  wave  direction  will 
genially  detmnine  shordine  orientation  as  the  shoreline  aligns  itsdf  paralld 
widi  die  wave  crests  (see  Figure  21).  If  wave  direction  dianges  and  pmists 
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over  some  time  (fix  instance  seasonally),  the  shordine  will  begin  to  shift  in 
re^mnse  to  the  new  approach  direction. 

The  two  primary  ft>rms  of  wave  data  for  breakwater  design  are  hindcast 
data  and  wave  gauge  data.  Wave  height  statistics  to  determine  design 
conditions  will  generally  be  based  on  hindcast  data  since  a  rdativdy  long 
record  b  needed  ftv  data  extrapolation.  The  Wave  Information  Study  (WIS) 
CTMuhicted  by  the  USAGE  has  devdoped  hindcast  data  for  all  three  ocean 
coasts  and  the  Great  Lakes  GeoMo  1983;  Hubertz  et  al.  1993;  Jensen  et  al. 
1992).  EM  1110-2-1414  and  EM  1110-2-1502  provide  extensive  lists  and 
contacts  on  ways  to  obtain  meteorological  and  oceanogn^ic  data,  as  wdl  as 
sources  of  WIS  data  and  information. 


Longdiora  sand  transport  ratas 

Umgshore  transport  of  littoral  material  is  the  most  significant  process 
determining  beach  planfoim  response  to  breakwaters.  Transport  rates  are 
needed  to  determine  what  type  of  planform  will  develop,  sedimem  budget 
calculations,  beach  fill  requirements,  and  potential  effects  of  a  project  on 
downdrift  beaches. 

Loitgshore  transport  is  typically  described  in  terms  of  annual  net  and  gross 
transport  rates  (Shore  Protection  Manual  1984,  EM  1110-2-1617,  EM  1110-2- 
1502).  To  an  observer  looking  seaward,  transport  can  be  to  foe  right  or  to 
the  left  Qi,  with  being  a  positive  quantity  and  assigned  a  negative 
value.  Tire  armual  net  transport  rate  is  the  net  amount  of  sediment  moving 
past  a  point  on  the  beach  in  a  year  with  direction  considered  and  can  be 
computed  as: 

Gw  -  C,  +  Oi  (1) 

The  armual  gross  transport  rate  is  the  total  amount  of  sediment  moving  past  a 
point,  r^ardless  of  direction,  defined  as: 

It  is  possible  foat  Qn  and  Qq  could  have  substantially  different  magnitudes, 
i.e.,  a  large  gross  transport  may  exist  for  a  project  area,  but  net  transport 
could  be  close  to  zero.  The  net  transport  rate  is  often  used  to  examine 
erosion  rates  on  adjacent  beadies  at  breakwater  or  other  coastal  structures. 

Estimates  of  left,  right,  net,  and  gross  transport  rates  can  be  calculated 
from  wave  data  foat  include  wave  heights,  periods,  and  directions.  Usually, 
determination  of  foe  net  and  gross  transport  rates  will  be  adequate;  however,  a 
time  series  of  transport  rates  can  be  calculated  if  a  wave  time  series  is 
available.  The  Shore  Protection  Manual  (1984)  suggests  four  ways  of 
conqNiting  longshore  transport  rates  at  a  project  site.  Method  1  involves 
ado{^g  a  transport  rate  from  a  nearby  site;  Method  2  entaik  calculation  of 
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voiuliie  change  over  a  specific  time  p^iod  at  a  known  feature  such  as  an  inlet 
or  coastal  structitf  e;  Method  3  depe^  on  the  longshore  component  of  energy 
flux  in  the  surf  zone  to  compute  a  potential  longshore  transport  rate,  also 
known  as  the  CERC  formula;  and  Method  4  provides  an  empirical  estimate  of 
Qq.  These  methods  are  discussed  in  detail  in  the  Shore  ProtectUm  Mamed 
(1984),  EM  1110-2-1617,  and  EM  1110-2-1502.  Another  method  commonly 
used  along  the  Great  Lakes  and  Pacific  coast  develops  a  sedin^  budget 
based  on  estimates  of  inputs  including  bluff  recession  and  stream  sediment 
contributions.  The  Shordine  Modeling  System  (Cravens  1992)  includes 
programs  to  calculate  G!l<  Qa*  *t)d  Qq  for  a  given  time  series. 

It  is  uqwrtaot  to  examine  longshore  transport  variability  as  part  of 
functional  design,  since  transport  rates  can  fluctuate  significantly  on  a 
monthly,  seasonal,  or  yearly  basis.  Beach  planform  can  vary  a^  shift 
substai^ly  in  response  to  prevailing  transport  conditions. 


Offahora  bathymetry 

Offshore  bathymetry  is  required  to  aid  in  determining  the  distance  offshore 
at  which  die  brer^ater  will  be  constructed,  wave  and  current  forces  which 
the  structure  will  be  subjected  to,  and  quantities  of  construction  materials. 
Knowledge  of  offdiore  bathymetry  is  also  needed  to  examine  wave 
transformations  that  may  affect  the  local  wave  environmmit  at  the  site. 
Additionally,  bathymetry  and  beach  profiles  can  provide  data  to  determine  the 
closure  depth  (the  depth  beyond  which  there  is  no  significant  sediment 
transport),  if  foey  extend  to  a  sufficient  d^th  and  have  sufficient  vertical  and 
horizontal  control  to  allow  comparison  of  profiles.  Depth  of  closure  can  also 
be  estimated  by  reference  to  a  maximum  seasonal  or  annual  wave  height 
(Hanson  and  Kraus  1989b,  Hallnmeier  1983). 

Bathymetric  surveys  of  die  project  vicinity  during  the  planning  and  design 
stages  should  be  conducted  for  detailed  site  data.  Less  accurate  bathymetry 
information  can  be  acquired  from  U.S.  Geological  Survey  quadrangle 
topographic  maps  and  or  Naval  Hydrographic  Office  charts;  however, 
b^ymetry  is  continually  changing  and  these  sources  generally  do  not 
maimain  die  most  up-to-date  information. 


Shoreline  change 

Shoreline  change  data  are  required  primarily  to  determine  short-  and  long- 
tom  erosion  and  accretion  rates  at  a  project  site,  prior  to  design  of  a 
breakwater  system.  This  information  is  necessary  to  determine  the 
breakwOer’s  location  relative  to  the  post-project  shoreline  and  to  estimate  the 
volume  of  sand  that  will  accumulate  behind  the  breakwater. 

Historical  and  recent  shoreline  change  data  include  beach  profile  surveys, 
aoial  photography,  and  other  records  documenting  changes  in  the  shoreline 
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OMrfigaratkm  ndi  at  beach  aouriahmem  dau.  During  die  planniiig  and 
deaign  stages  of  a  imiject,  beach  profile  data  and  aerial  photography  should  be 
acquired  to  provide  an  improved  understanding  of  die  nnrshore  system. 

Sndhwnt  budgnt 

A  sediment  budget  is  a  quantitative  balance  of  the  sources  (gains)  and  sinks 
(losses)  whhin  a  project  area  {Shore  Protection  Manual  1984;  EM  1 1 10-2- 
1502).  Sources  M  sediment  include  longshore  transport^  cross-shore 
tranqiort,  aeolian  at  wind-blown  transport,  bluff  recession,  stream  or  river 
sediments,  and  beach  fill  material.  Losses  of  material  to  the  system  may 
include  longshore  transport,  ofEdiore  tranqwrt,  aeolian  transput,  offshwe 
canyons,  tnqiping  by  tidal  inlets,  blocking  by  structures,  and  dredging 
operatkms.  Generally,  a  sediment  budget  is  developed  for  pre-project 
conditions  and  dien  the  effects  of  project  construction  can  be  evaluated  by 
making  various  assumptioos  r^arding  die  project’s  effects  on  transport 
(EM  111(^2-1617). 


Qnotnehnical  data 

The  physical  properties  of  underlying  soils  should  be  investigated  and 
characterized  by  the  collection  of  soil  borings.  In  die  coastal  zone,  beadi 
sands  are  often  underlain  by  organic,  compressible  soils  that  may  consolidate 
under  the  structure’s  load  and  ouse  unwanted  setdement.  Additional 
information  on  geotedinical  data  and  design  can  be  found  in  EM  1 1 10-2-1903, 
EM  1110-2-2906,  and  Eckert  and  Callender  (1987). 


Exisdna  stnictuma 

An  inventory  of  existing  structures  in  die  project  vicinity  and  data  on  their 
design  and  fim^nal  performance  will  assist  m  the  design  of  a  detached 
breakwater  system.  Depending  on  their  proximity  and  influence  on  die  study 
area,  diese  structures  may  need  to  be  incorporated  into  the  design  of  the  new 
project. 


Review  of  Functional  Design  Procedures 


Design  proceaa 

Because  of  limited  prototype  experience,  detadied  breakwater  design  in  the 
United  States  rdies  on  a  significant  amount  of  enginem'ing  judgmnent,  data 
ftom  a  few  existing  breakwater  projects  for  comparison,  and  an  understanding 
of  basic  coastal  processes.  The  design  process  is  an  iterative  one.  An  initial 
breakwater  configuration  is  assumed  ba^  on  past  experience  at  existing 
breakwater  sites  and  taking  into  account  the  site-specific  concerns  and 


36 


ChapMr  2  FunctioiMl  Dctign  Guidanca 


parameters  described  in  the  previous  sections.  This  design  is  evaluated 
relative  to  the  project’s  objectives,  predicted  beach  response,  and  potential 
effects  on  adjacoit  shorelines;  modifications  are  then  t^e  to  the  initial  design 
and  die  project  is  reevaluated.  Initial  design  should  start  by  considering 
incident  wave  energy  flux  to  detmnine  the  extent  of  wave  energy  reduction 
necessary  to  devdop  the  desired  beach  planform. 


Tools  for  design  evaluation 

Design  techniques  or  evaluation  tools  for  detached  breakwators  can  be 
classified  into  thr^  categories;  physical  and  nummcal  models,  empirical 
methods,  and  prototype  assessment  (Rosati  1990).  Numerical  and  physical 
models,  when  calibrated  and  vwified  at  a  particular  project  site,  can 
effectively  simulate  coastal  response  to  a  particular  breidnvater  design. 
Modding,  particularly  numerical,  is  recommended  prior  to  the  implementation 
of  the  breakwater  project.  The  use  of  numerical  and  physical  modeling  as 
tools  in  functional  breakwater  design  is  discussed  in  Chaptw  3,  Tools  far 
Prediction  cf  Morphologic  Response.  Models,  however,  can  be  more 
expensive  and  time-consuming  than  required  for  feasibility-level  studies. 
Empirical  "desktop”  mediods  provide  quick  tediniques  for  qualitatively 
evaluating  beach  response  to  a  particular  projed  design  (Rosati  1990).  The 
use  of  these  simplified,  inexpensive  m^ods  is  desirable  in  the  feasibility 
stage  of  project  design;  in  the  design  of  more  extensive  laboratory,  numerical 
modd  and  Add  testing;  and  as  a  check  for  detailed  evaluation  results. 

Ddly  and  Pope  (1986)  suggest  a  three-phase  breakwater  design  process: 
first,  a  desktt^  study  employing  various  empirical  rdationships  to  rdate 
proposed  structural  and  site  parameters  to  shordine  response  and  identify 
design  alternatives;  second,  a  physical  or  numerical  model  study  to  assess  and 
refine  altouatives;  and  finally,  if  feasible,  a  prototype  test  to  verify  and  adjust 
the  preliminary  design. 


Prototype  breakwater  database 

A  database  of  detached  breakwater  projects  in  the  United  States  and  several 
othw  countries  is  maintained  by  CERC.  The  database  contains  information 
sudi  as  type  of  breakwatw,  dates  of  construction,  project  dimensions,  and 
odier  site  dda.  A  brief  narrative  description  of  the  projea’s  p^fonnance  is 
also  included.  Because  limited  design  guidance  exists,  experience  from 
prt^otype  sites  such  as  those  contained  in  the  database  may  prove  valuable  for 
foe  design  of  a  new  breakwater  project. 
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Review  of  Empirical  Methods 


A  desktt^  study  using  enq>irical  relationships  is  reconunended  as  the  first 
stq>  in  die  design  of  a  detached  breakwater  system.  Empirical  relationships 
are  somewhat  limited  due  to  their  inherent  simplicity;  however,  they  can  ^ 
used  as  reasonable  methods  prior  to  detailed  studies  to  quickly  assess 
prototype  re^wnse  and/or  project  costs  for  several  design  altmiatives  and  as  a 
means  of  assessing  model  results. 

Numerous  laboratory,  numerical,  and  prototype  studies  have  fooissed  on 
detached  breakwaters  with  die  objective  of  developing  and  improving 
functional  design  guidance.  As  a  result,  a  number  of  empirical  relationships 
for  die  design  and  prediction  of  beach  response  to  single  or  s^mmted 
detached  breakwater  systems  have  been  developed.  Most  investigations 
present  information  on  when  tombolos  will  form  and  when  minimal  beach 
response  can  be  expected.  Table  3  presents  a  summary  of  studies  wlmse 
empirical  mediods  have  been  used  to  design  both  U.S.  and  foreign  detached 
breakwater  projects.  Detailed  infonnation  on  various  empirical  rdationships 
is  presented  in  Rosati  (1990)  and  summarized  in  CETN  111-43  (Coastal 
Engineering  Research  Center  1984)  and  EM  1110-2-1617.  It  is  recommended 
that  Rosati  (1990)  and/or  die  original  reference  be  reviewed  prior  to  using  any 
of  these  empirical  mediods  for  prototype  design. 

EM  1 1 10-2-1617  presents  conditions  for  the  three  types  of  beach  response 
as  predicted  by  the  various  relationships  described  in  Table  3.  This 
infonnation  is  summarized  here,  and  is  presented  in  terms  of  a  dimensionless 
breakwater  length  LJy,  where  L,  is  the  breakwater  segmm  length,  and  y  is 
die  distance  from  the  average  shoreline.  Tables  4,  5,  and  6  present  conditions 
for  tombolo  development,  salient  development,  and  limited  response, 
respectively. 

Evaluation  of  empirical  methods.  Rosati  (1990)  conducted  an  evaluation  of 
empirical  design  mediods  that  consisted  of  compiling  data  from  fve  U.S. 
breakwater  projects,  and  comparing  die  prototype  response  with  empirical 
predictions  where  possible.  These  projects  encompass  a  range  of  structural 
and  site  param^ers  and  beach  response,  from  salient  formation  (Lakeview 
Park,  Lorain,  Ohio,  and  Redington  Shores,  Florida),  to  no  sinuosity 
(Lakeshore  Park,  Ohio),  to  periodic  tombolo  formation  (Colonial  Beach, 
Central  and  Casdewood  Park  Sections,  Virginia). 

The  majority  of  relationships  are  of  the  type  that  predict  a  limited,  salient, 
or  tombolo  response  as  a  function  of  structural  parameters.  Rosati  (1990) 
conducted  an  evaluation  of  these  relationships  as  presented  in  Figure  24. 

In  gmo’al,  the  simplicity  of  the  empirical  m^ods  evaluated  and  prototype 
data  limitations  result^  in  widely  varying  predictions  for  most  design 
relationships.  However,  several  of  the  evaluated  relationships  proved  to 
predict  prototype  response,  although  careful  consideration  must  be  givoi  to 
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Tabl«3 

Empirical  RalationsMps  for  Detached  Breakwater  Design 


Inman  and  Frautachy  (1966) 

Predicts  accration  condition;  baaad  on  beach  raapottaa  at  Vanica  in  Santa 
Monica,  CA 

Toyoahima  (1972,  1974) 

Roconrwnands  design  guidaitca  based  on  prototype  performance  of  86 
braakwatar  syatama  along  the  Japanese  coaat 

Nobla(1978) 

Predicts  coastal  impact  of  stnicturas  in  terms  of  offshore  distance  and 
length;  based  on  California  prototype  breakwaters 

Walkar,  Oaik,  and  Pope  (1980) 

Discusses  maOrod  used  to  design  the  Lakaviaw  Park,  Lorain,  OH 
sagmantad  system  for  salient  formation;  develops  the  Diffraction  Energy 
Method  based  on  rtitfraction  coefficiant  isolirtas  for  rapresentative  waves 
from  predomirMnt  directions 

Gouriay  (1981) 

Predicts  beach  respoiwe;  based  on  physical  morM  and  held  observations 

Mr  (1982) 

Predicts  acorstion  condition;  baaad  on  performaitca  of  1 2  Israeli 
breakwaters 

Roaan  and  Vadja  (1982) 

Graphically  presents  relationships  to  predict  erpjilibrium  salient  artd 
tombolo  size;  based  on  physical  modal/prototype  data 

HaHatmaiar  (1983) 

Develcps  relatioiwhips  for  depth  limit  of  sediment  tratwport  and 
prevention  of  tombolo  formation;  based  on  field/laboratory  data 

Node  (1984) 

Evaluates  physical  paramatars  controWng  devalopmant  of 
tombolos/saliants;  especially  due  to  oiv-offsltore  transport;  based  on 
laboratory  experiirtants 

Shof0  Pnt^edon  MtnutI  (1984) 

Presents  limits  of  tombolo  formation  from  structure  length  and  distartca 
offshore;  based  on  the  pattern  of  diffracting  wave  crests  in  tite  lee  of  e 
breakwater 

oaiy  and  Pope  (1986) 

Recommends  limits  of  structure-distarrce  ratio  baaad  on  type  of  shoreNna 
advance  desired  aiKl  length  of  beach  to  be  protected 

Harria  and  Harbich  (1986) 

Presents  relationship  for  average  quantity  of  sand  deposited  in  lee  ertd 
gap  areas;  based  on  laboratory  tests 

Japanaaa  Mniatry  of 

Conatniction  (1986);  alao  Roaati 
and  Truitt  (1990) 

Develops  step-by-step  iterative  procedure,  providing  specific  giadelines 
towards  final  design;  tends  to  result  in  tombolo  formation;  baaad  on 
Japanese  breakwaters 

Pope  aird  Dean  (1986) 

Presents  bounds  of  beach  response  based  on  prototype  performarrce; 
response  given  as  a  function  of  segnrent  tength-to-gap  ratio  and  affective 
distance  offshore-to-depth  at  structure  ratio;  provides  beach  rasporrse 
index  classification 

Saip,  Uda,  and  Tanaka  (1987) 

Predicts  gap  erosion;  based  on  performance  of  1 ,500  Japartese 
breakwaters 

Sonu  and  Warwar  (1987) 

Presents  relationsNp  for  tombolo  growth  at  tiM  Sartta  Monica,  CA 
breakwater 

Suh  and  Oalrympla  (1987) 

Gives  relationship  for  salient  larrgth  given  structure  length  arrd  surf  zone 
location;  based  on  lab  tests  and  prototype  data 

Baranguar  aird  Enriquez  (1988) 

Presents  various  rslationships  for  pockat  beaches  including  gap  arosion 
arrd  maximum  staMe  surface  area  (i.e.,  beach  fiU);  based  on  proiacts  along 
the  Spanish  coast 

Ahrarw  and  Cox  (1990) 

Uses  Pope  arrd  Dean  (1986)  to  develop  a  relationship  for  expectad 
morphological  response  as  function  of  segment-to-gap  ratio 
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Tabla4 

Condhions  for  the  Formation  of  Tombolos 


LJyi  >  2.0 


>  0.67  to  1.0 


L/t  >  2.5 


1.5  to  2.0 


L/i  >  1.5 


LJs  >  1.0 


Double  tombolo 


Tombolo  (ehellow  water) 


Periodic  tombolo 


Tombolo 


Tombolo  (multipla  breakwatora) 


Tombolo  (aingle  breakwater) 


Tombolo  (multipla  braakwatara) 


Rafaranca 


SPM  (1984) 


Gouriav(1981) 


Gouriav(1981) 


Ahrana  and  Cox  (1990) 


DaUy  arxl  Pope  (1 986) 


Dally  and  Pope  (1986) 


Suh  and  Dalrympla  (1987) 


Suli  and  Dalrympla  (1 987) 


Tables 

CondHiona  for  the  Formation  of  Salients 


Condition 


<  1.0 


<  0.4  to  0.5 


-  0.5  to  0.67 


<  1.0 


LJy  <2  m. 


LJ^  <  1.5 


LJy  <  0.8  to  1.5 


Commanta 


No  tombolo 


Sakartt 


Salient 


No  tombolo  (aiitglo  breakwater) 


No  tombolo  (multipla  braakwatara) 


Wall-davelopad  aaliant 


Subdued  aaliant 


Rafaronoa 


SPM  (1984) 


Gouriay  (1981) 


DaHv  and  Pope  (1986) 


Suh  and  Dalrynvla  (1987) 


Suh  and  Dalryir^la  (1987) 


Ahrana  and  Cox  (1990) 


Ahrana  aixl  Cox  (1990) 


Table  6  I 

CorKfitlons  for  Minimal  Shoreline  Response  | 

Icondhian 

Commanta 

Rafaranca  | 

LJy  5  0.17  to  0.33 

No  rasponsa 

Inman  aixl  Frautschy  (1966) 

LJy  0.27 

No  sinuosity 

Ahrana  and  Cox  (1990) 

No  deposition 

Nir  (1982) 

LJs  S  0.125 

Uniform  protection 

Dally  and  Pope  (1986) 

LJv  S  0.17 

Minimal  impact 

Noble  (1978) 
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Figure  24.  Evaluation  of  morphoiogicai  relationships  (modified  from  Rosati  (1990)) 


their  rdiability  and  limitations  throu^out  the  design  process.  A  number  of 
die  rdatkmships  that  w«e  evaimded  are  presented  herein.  Rosati  (1990) 
presents  additional  evaluations  and  provides  correlation  coefficients  for  foe 
various  conqiarisons.  Parameter  definitions  are  provided  in  Appendix  A. 

Prediction  of  shoreline  response.  The  most  investigated  effect  of 
detached  breakwaters  is  foe  relationship  between  project  accretion,  in 
particular  morphological  response,  and  structural  parameters.  An  evaluation 
of  foese  relationships  showed  an  apparent  trend  in  foe  prototype  data  for 
deposition  to  increase  as  foe  structure  lengfo-to-distance  offstore  ratio 
increases  (Rosati  1990). 

Suh  and  Dalrymple  (1987)  developed  foe  following  relationship  for  foe 
prediction  of  salient  length  X,  by  combining  movable-bed  laboratory  results 
with  prototype  data: 


=  X(14.8)M 


(3) 


where  X  is  defined  as  foe  breakwater  segment  distance  from  foe  original 
foordine  and  Lg  is  foe  gap  distance  between  adjacent  breakwatm*  segments. 

Tombolos  usually  formed  for  single  prototype  breakwaters  when 


X 


k  1.0 


For  multiple  offshore  breakwaters,  tombolos  formed  when 


(4) 


M  •  0.5  (5) 

K 

For  evaluation.  Equation  3  was  applied  to  all  segmented  projects.  The 
rdationship  tends  to  overpredict  foe  seaward  excursion  of  foe  spit  for 
foemajority  of  prototype  data  evaluated,  but  appears  to  accurately  predict 
response  for  pocket-b^ch  type  structures  with  periodic  tombolo  formations 
(Figure  25). 

Prediction  of  gap  erosion.  Seiji,  Uda,  and  Tanaka  (1987)  give  foe 
following  gap  wosion  relationships,  where  gap  erosion  is  defined  as  foe  rdreat 
of  shoreline  to  foe  lee  of  foe  gap  from  foe  initial  (pre-project)  shoreline 
position: 


^  <  0.8 
X 


no  erosion  opposite 


(6) 
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CB:  Central  Beach 
CP:  Costlewood  Pork 
LS:  Lakeshore  Pork 
LV:  Lokeview  Pork 


Xj,  Measured,  m 


Rgure  25.  Evaluation  of  Suh  and  Dalrympie's  (1987)  relationship  for  salient  length  (from 
Rosati  (1990)) 


0.8  ^  ^  1.3  possible  erosion  opposite 

A 


^  1.3  certain  erosion  opposite  gap 

These  relationships  were  evaluated  with  prototype  data  (Figure  26).  The 
lower  boundary  for  no  erosion  (LJX  <  0.8)  was  a  good  predictor  of  either 
accretion  or  very  little  erosion,  (jap  erosion  occurred  for  ratios  of  Lg/X 
grtater  than  0.8. 

Structure  depth.  Hailermeier  (1983)  recommends  foe  following  water 
depth  as  a  guide  for  positioning  detached  breakwaters  when  tombolo  formation 
is  deemed  undesirable: 


2.9H. 


no//? 


liS  -  \  )  (5-l)g7^ 


depth  for  salient  formation  (9) 


Choptsr  2  Functional  Design  Guidance 


43 


Figura  26.  Evaluation  of  Saiji.  Uda,  and  Tanaka's  (1987)  limits  for  gap 
erosion  (from  Rosati  (1990)) 

where  d„  is  the  annual  seaward  limit  of  the  littoral  zone,  is  die  deqiwater 
wave  hei^t  exceeded  12  hr  per  year,  S  is  the  ratio  of  sediment  to  fluid 
density,  ^  is  the  acceleration  of  gravity,  and  7^  is  the  wave  period 
corresponding  to  the  wave  height. 

For  headland  structures  (tombolo  formation),  structures  should  be  sited  at 
an  sfqiroximate  dqith  of 


d 


dsa 

3 


headland  structures 


(10) 


This  relationship  was  evaluated  using  the  recommended  depth  for  salient 
formation  at  all  sites  excqit  Colonial  Beach,  where  the  recommended  dqidi 
for  tombolo  formation  was  used.  A  good  correlation  between  depth  at  the 
structure  and  Hallermeier’s  recommended  dqith  exists  for  all  but  the 
Lakeshore  Park  data  (Figure  27). 

Japancae  Ministry  of  Construction  (JMC)  method.  The  JMC  method  is 
a  stq>^y-stq)  iterative  procedure  with  specific  guidelines  to  follow  durmg  the 
breai^ater  design  process  (Japanese  Ministry  of  Construction  1986;  Rosati 
1990;  Rosati  and  Truitt  19M;  EM  1110-2-1617).  The  procedure  used  for 
design  is  advantageous  over  the  limited  design  guidance  available  in  the 
United  States;  however,  the  method  has  several  disadvantages  for  design  of 
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Figure  27.  Evaluation  of  Haiiermaier's  (1983)  relationship  for  structure  design  depth  (from 
Rosati  (1990)) 

U.S.  projects.  Fim,  60  percoit  of  the  projects  designed  using  the  JMC 
method  result  in  u,:ubolos  (Rosati  1990),  genially  undesirable  for  projects, 
excqit  for  headland  or  pocket  beadi  design.  Secondly,  the  JMC  m^od  does 
not  account  for  beach  fUl  in  the  design,  nor  does  it  allow  the  designer  to  vary 
structural  transmissibility. 

A  comparison  of  die  JMC  mediod  and  the  design  irom  the  Lakeview  Park 
project  was  conducted  by  Rosati  and  Truitt  (1990).  For  the  four  miample 
problems  and  site  parameters  evaluated,  use  of  the  JMC  design  tended  to 
result  in  more  numwous,  shorts  length  segments  with  a  decreased  g^  widdi. 

Additionally,  die  JMC  structures  are  designed  to  be  placed  closer  to  shore 
than  die  distance  observed  in  U.S.  projects. 

Evaluadon  of  methods  using  Lakeview  Park.  The  Lakeview  Park 
project  was  used  to  intNcompare  relationships  and  forthor  assess  their  validity 
(Rosati  1990).  The  Diffraction  Energy  M^od  (Walker,  Clark,  and  Pope 
1980)  was  used  to  design  this  project,  which  has  bem  successful  in  toms  of 
shordine  protection.  A  comparison  of  as-constructed  project  parameters  to 
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those  reocMiiiiieiided  by  the  JMC  method  and  Toyoshima’s  median-depth 
system  CToyoshima  1972,  1974)  was  conducted.  Both  of  these  methods 
r^ted  in  s^ment  lengths  and  gap  distances  smallw  than  the  constructed 
project,  with  structures  positkmed  closer  to  shore  than  indicated  by  the 
DiffnK^n  Energy  Met^. 


Empirical  mathoda  uaad  in  U.S.  design 

This  section  briefly  describes  four  methods  presented  in  Table  3  that  have 
commonly  beat  used  in  the  design  of  more  recent  U.S.  breakwater  projects. 
These  methods  were  not  specifically  evaluated  with  prototype  data  by  Rosati 
(1990),  and  were  therefore  excluded  from  the  previous  section.  Two  of  the 
mediods.  Pope  and  Dean  (1986)  and  Ahrens  a^  C^x  (1990),  are  ^plied  in 
the  case  example  presented  in  Appendix  B. 

Dally  and  Pope  (1986).  Dally  and  Pope  present  several  techniques  for 
controlling  shoreline  response  to  a  single  or  segmented  detadied  breakwater 
project.  They  recomm^  the  following  limits  for  the  structure  length- 
distance  ofl^re  ratio  (and  g^  distance  for  segmented  systems)  based  on  the 
type  of  beadi  planform  desired  and  the  length  of  beach  to  be  protected. 

For  tombolo  development: 

single  breakwater  (^0 


Lg  ^  L,  segmented  breakwater  (*2) 

where  L  is  the  wavelragth  at  the  structure. 

For  salient  foimation: 

^  -  0.5  to  0.67  single  and  segmented  breakwaters 

For  uniform  protection  over  a  long  distance  and  an  unconnected  shordine,  a 
structure  located  outside  of  the  surf  zone  is  reconunended.  Either  a  permeable 
(60  percent),  partially  submerged  structure  or  an  impermeable,  frequently 
s^mented  structure  will  allow  ample  wave  energy  into  the  area.  In  order  to 
provide  sufficient  distance  for  the  diffracted  waves  to  reorient  fliemsdves  via 
refraction  before  reaching  the  shoreline,  the  recommended  ratio  for  a 
segmented  systrai  is: 

^  <  0.125  s^mented  breakwaters 


L, 

-  1.5  to  2 

A 

L, 
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Leogthaiiiig  the  structure  or  reducing  its  distance  offshore  beyond  the 
condition  given  in  Equations  13  and  14  will  iius'ease  die  nteot  of  die  tombolo 
and  assure  tombolo  d^eiopment.  This,  however,  may  evemually  form  a 
double  tombolo  planform  with  trapped  water  between,  which  may  lead  to 
undesirable  water  stagnation  problems.  To  forther  assure  tombolo 
development,  die  breakwater  should  be  constructed  to  prevent  or  minimize 
wave  transmisskm  through  the  structure.  Crest  elevation  and  slope  should  be 
designed  to  minimize  wave  overtopping.  Likewise,  to  prevent  tombolo 
formation  and  allow  only  salimits  to  develop,  wave  energy  in  the  lee  should  be 
increased  by  increasing  wave  transmission  and  overtopping  of  die  structure. 
Increasing  gap  width  will  also  increase  wave  energy  b^ind  the  structure. 

Pope  and  Denn  (198d).  Based  on  prototype  data.  Pope  and  Dean  (1986) 
defined  a  shoreline  classification  scheme  that  included  five  types  of  beadi 
response;  permanent  tombolos,  periodic  tombolos,  well-devdoped  salients, 
subdued  salients,  and  no  sinuosity.  A  relationship  was  developol  that  gives 
the  beadi  response  dassification  scheme  as  a  function  of  die  ratios  of  s^ment 
length  to  gap  length  and  effective  distance  offdiore  to  die  average  wator 
depdi  at  the  structure  X/d^.  Figure  28  shows  the  relationships  between  all 
prototype  projects  rdative  to  these  two  dimensionless  parameters.  The 
projects  plotted  in  Figure  28  show  a  grouping  that  may  define  fields  of 
predictable  beadi  planform  response  for  low  to  moderate  wave  climates.  It 
should  be  noted  that  diese  results  are  only  preliminary  and  further  verification 
is  required. 

Ahrens  and  On  (1990).  Ahrens  and  Ckix  (1990)  used  the  beach  response 
index  classification  scheme  of  Pope  and  Dean  (1986)  to  develop  a  predictive 
relationship  for  beach  re^nse  based  on  a  ratio  of  the  breakwater  s^ment 
length  to  breakwater  segmmit  distance  from  the  original  sboreline.  The 
relationship  defining  a  beach  response  index  I,  is: 

(‘  •72  -  0.41^)  (15) 

/,  ■  r'  ' 

For  the  five  types  of  beach  response  defined  in  Pope  and  Dean  (1986),  die 
following  values  of/,  were  specified: 

/,  =  1  (Permanent  tombolo  formation) 

If  =  2  (Periodic  tombolos) 

/,  =  3  (Wdi-devdoped  salients) 

/,  =  4  (Subdued  salient) 

If  =  5  (No  sinuosity) 
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Figur*  28.  DinMruiionkMS  plot  of  Unitsd  Statas  aagmantad  braakwatar 

proiacta  raladva  to  confiouration  (from  Popa  and  Daan  (1 986)) 

A  breakwater  design  can  be  evaluated  using  this  method  by  computing  the 
beach  response  index  ftn  various  combinations  of  breakwater  lei^ths  and 
ofbhore  distances.  This  medwd  is  applied  in  die  case  example  provided  in 
Appendix  B. 

Slvcsta',  Tsuchijn,  and  Shibano  (1980).  This  method  has  recendy  been 
used  in  the  functional  design  of  headlands  at  Sims  Park,  Euclid,  Ohio,  by  die 
USAED,  BufiUo  (1986).  The  qiactng  and  location  of  the  headland  break¬ 
waters  is  interrelated  as  shown  on  Figure  29,  uhere  a  is  the  maximum 
indentation,  b  is  die  headland  spacing,  A)  and  i?2  of  the  spiral,  6  is 

die  angle  between  radii  i?2  and  Rj  (where  /?2  >  Rj),  and  a  is  the  constam 
angle  between  either  radius  and  its  tangent  to  the  curve.  The  ratio  of  oyh  is 
fixed  for  a  given  obliquity  of  incident  waves  to  the  headland  alignments,  fi. 
Through  successive  herations  using  /3,  the  spacing  and  location  of  the 
breakwaters  can  be  obtained.  Furdier  information  is  provided  in  Silvestw, 
Tsudiiya,  and  Shibano  (1980)  and  Silvester  and  Hsu  (1993). 
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Figure  29.  Param«ters  relating  to  bays  in  static  equilibrium  (Silvester,  Tsuchiya,  arnl 
Shibano  1980) 
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3  Tools  for  Prediction  of 
Morphologic  Response 


Introduction 


The  knowledge  base  and  engmeering  experience  essential  for  coastal  proj¬ 
ect  design  is  devrioped  frcnn  infonnatkHi  on  project  evfdutioo,  response  of 
odier  projects  wHh  similar  coastal  processes,  and  en^>irical  rdationsh^. 

From  thia  framework,  the  design  engineer  rriines  die  project  goals  and  limha- 
tkms,  and  identifies  types  of  solutions  that  may  be  feasible  at  die  she. 
Numerical  and/or  {diysical  model  simulation  is  recommended  for  further 
assessment  of  diese  design  alternatives.  Use  of  numerical  and  ^ysical  models 
fecUiUttes  unbiased  evaluation  and  qitimization  of  alternatives,  as  wdl  as 
providing  a  structure  diat  assists  in  directing  data  collection  and  analysis.  The 
purpose  of  diis  chqKer  is  to  discuss  numerical  and  ^ysical  moddiog  as 
^lied  to  detadied  breakwater  design,  provide  general  guidelines  for  amduct- 
ing  diese  studies,  and  present  examples  of  modd  use  widi  prototype  detadied 
breakwater  projects. 


Numerical  Models 


Overview 

Beach  change  numerical  modds  use  sedimmt  transport  rdationshqis  and 
conservation  of  volume  to  simulate  beach  response  to  various  driving  forces 
(e.g.,  waves,  nr  '«its,  and  water  levds).  Thwe  are  two  types  of  wdl-tested 
beach  change  ..uds:  short-term  Qiours  to  days)  storm-induced  profile 
prediction,  and  long-tmn  (months  to  decades)  shordine  response  modds 
(Kraus  19M). 

Correct  tqqilication  of  a  storm-induced  beadi  profile  change  modd  requires 
die  assumption  that  longshore  transport  is  constant  for  the  project  reach,  and 
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all  beadi  dumge  occurs  in  die  cross-shore  direction.  These  modds  are 
primarily  eoo^loyed  to  design  and  evaluate  beach  (ill  projects,  in  coiyunction 
widi  the  shordine  change  models.  Shordine  response  modds  that 
longshore  sediment  transport  is  the  primary  long-term  comributor  to  planfonn 
response.  The  underlying  postulation  is  that  cross-shore  movement  of 
sediment  during  storms  equilibrates  over  the  long  term.  Shordine  response 
modds  are  best  iqiplied  to  sites  (or  which  there  is  a  dear  trend  in  bea^ 
diange.  Thus,  shordine  change  modds  are  well-suited  to  predict  morjdiologic 
response  of  the  beadi  as  a  (unction  of  detached  breakwater  design.  However, 
for  diose  detached  breakwater  projects  with  beadi  fill  that  are  intended  to 
provide  storm  protection,  storm-induced  profile  diange  modds  may  also  be 
applied  in  the  design  process  to  provide  a  worst-case  evaluation  of  beadi  fill 
response  to  extreme  evoits.  For  more  information  on  the  ^torm-Induced 
fiEAch  Qiange  (SBEACH)  modd  avaUable  from  CERC,  see  CERC  (1993), 
Larson  and  Kraus  (1989),  and  Larson,  Kraus,  and  Byrnes  (1990). 

One-line  or  shordine  response  modds  idealize  die  beach  profile  with  an 
average  shape,  which  moves  seaward  or  landward  as  the  bea^  accretes  or 
erodes,  respectivdy.  The  shordine  response  modd  available  from  CERC, 
GENESIS  (Hanson  and  Kraus  1989b;  Cravens,  Kraus,  and  Hanson  1991)  will 
be  discussed  herein  because  of  its  wide  avaUdiility  and  previous  plication  to 
detached  breakwatw  projects.  GENESIS  may  be  obtained  as  an  executable 
file  for  pmonal  computer  (PC)  use  (Grav^  1992),  or  applied  widiin  die 
Coastal  Modding  System  (CMS)  documaited  by  Cialone  et  al.  (1992). 

By  making  simplifying  assumptions  to  one-line  modding  theory,  analytical 
or  closed-form  solutions  to  the  mathematical  modds  may  be  derived.  Larson, 
Hanson,  and  Kraus  (1987)  presmt  more  than  25  closed-form  solutions  for 
predicting  beach  evolution  and  structure  interaction.  Included  are  solutions 
for  salient  evolution  bdiind  a  detadied  breakwater,  and  the  final  equUibrium 
shordine  position.  These  solutions  can  provide  a  simple  and  economical 
means  of  making  a  nqiid  qualitative  evaluation  of  shordine  response. 

Anothw  class  of  nummcal  model  foat  has  assisted  in  detached  breakwat^ 
design  is  die  multi-contour  line  modd.  This  type  of  modd  can  describe  the 
evolution  of  a  numba:  of  beach  contours  to  varying  waves  and  currents,  both 
in  the  longshore  and  cross-shore  directions.  These  modds  have  not  yet  bem 
widdy  sqiplied;  they  require  considerable  modding  expertise  and 
conqmtational  capability.  Of  note  was  an  application  of  the  ”N-Line  Model" 
(Pwlin  and  Dean  1983,  Scheffher  and  Rosati  1987,  Schefiher  1988)  to  provide 
qualitative  results  for  use  in  fimctional  design  of  die  Redington  Shores, 

Florida,  d^ched  breakwater  project  (USAED,  Jacksonville  1984).  Three- 
dimmsional  models  are  at  the  forefront  of  beach  change  simulation  research, 
and  will  evmitually  allow  the  most  dmiled  description  of  nearshore  evolution. 
These  modds  calculate  sediment  transport  rates  as  a  function  of  waves, 
currents,  and  resulting  changes  in  bathymetry  at  many  points  defined  by  a 
horizontal  grid.  Because  of  their  complexity,  these  i^ds  require  det^ed 
input  and  calibration  data  sets,  powerfol  computers  for  application,  and 
extmsive  verification  and  sensitivity  testing  (Kraus  1990). 
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QBiESIS 


AHumptfom.  Shordine  dumge  models  geoenlly  have  five  basic 
assumiitioiis:  (a)  a  oonstaot  beadi  profile  shape,  (b)  ocmstant  shorewud  and 
seawaid  limits  of  the  profile,  (c)  sediment  tnuupoit  is  described  as  a  fimction 
of  breaking  waves,  (d)  die  delved  structure  of  nearshore  drculatkm  is 
ne^ected,  and  (e)  a  l^-term  trend  in  shweline  evolutkm  (Huson  and  Kraus 
19ftlb).  Fbr  wave  transfiMmation  calculatkuM,  GENESIS  anumm  diat  the 
beadi  profile  ctmforms  to  an  equilflvaun  {wofile  shape, 

D-4)^  (16) 

in  ndiidi  D  is  the  water  depdi  and  if  is  an  eoqiirical  scale  parameter  diat 
rdates  to  die  median  beadi  grain  size  as  follows: 

A  -  OAID^^  for  D^<Q.Amm 
A  ■  0.23Dm^  for  0.4inm^J!><o<10.0mm 

n,2t  (*  V 

A  -  O.23D50  for  10.0noR^Z>5o<  40.0mm 
A  -  0.46Dm“  for  40.0mmSD5o 

Consequendy,  only  one  poim  on  die  profile  is  required  to  determine  its  shape; 
diis  point  is  ^ically  taken  as  the  nman  hijh  water  shordine. 

Sediment  is  assumed  to  be  tran^xmed  dongsbore  between  two  well- 
defined  devatkms  on  the  profile,  the  top  of  the  active  berm  at  die  shoreward 
limit,  and  the  depth  of  dosure  offohore.  Lcmgshore  sediment  tranqxirt  in 
GEM^IS  is  determined  widi  an  enqiirical  formula, 

Q  -  fljc^(flisin2dj,  -  a^cosSfJ!^)  (18) 

in  whidi  Hf,  is  the  breaking  wave  hei^  is  die  wave  group  qieed  at 
breaking,  given  by  linear  wave  dieory;  6^  is  die  angle  of  breaking  waves  to 
die  local  shordine;  and  x  is  die  long^re  coordinate.  The  nondimensional 
coeffidents  Oj  and  02  are  given  by 


"  16(S-IXI-P) 

^  8(5-lXl-p)tan/3 


(19a) 

(19b) 
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vAere  Jtj  ud  K2  are  enqiirical  codficioits,  5  is  die  ratio  of  die  density  of 
sand  to  ^  density  of  water,  p  is  die  porosity  of  sand  on  die  bed,  and  uui0  is 
die  aversge  bottom  slope  from  the  sfaMdine  to  the  depth  of  active  kmigdiw 
sand  transpmt.  Tlw  coefficients  IT;  and  1^2  are  treated  as  model  calttmdion 
parameters,  widi  Il2  on  the  <»der  of  0.5  to  1.0  tunes  Kj .  Bodi  Kj  and  K2 
control  die  nmgnitude  and  rate  of  shoreline  change  in  the  model,  ahhou^  the 
in^ortance  of  J?2  ^^lareot  in  the  vicinity  of  coastal  structures,  where 
diffraction  produces  a  substantial  diange  in  breaking  wave  hei^t  over  a  short 
longshore  distance  (Cravens,  Kraus,  and  Hamon  1991). 

CapnbiHtics.  The  capabilities  and  limitations  of  GENESIS  Vetskm  2.0  are 
detailed  by  Cravens,  Knw,  and  Hanson  (1991).  GENESIS  can  sinuilate 
shoreline  change  due  to  an  almost  arbitrary  number  of  engineering  wt^a, 
alone  (V  in  combination:  detached  breakwaters,  groins  (T-shaped,  Y-sh^ed, 
and  ^Nir),  jetties,  seawalls,  and  beadi  fills.  The  modd  simulates  sand 
bypassing  around  groins  and  jetties,  and  has  the  amiability  to  simulate 
diffraction  and  wave  transmission  at  groins,  jetties,  and  detached  breakwaters. 
Offshore  waves  may  be  input  with  arbitrary  hdght,  period,  and  directkHi,  and 
may  be  described  as  multmile  wave  trains  (as  from  independent  sources,  e.g., 
sea  and  swdl).  Sand  tran^rt  is  predicted  both  due  to  oblique  wave 
incidence  and  longshore  gr^imits  in  wave  hd^t.  The  modd  may  be  applied 
to  a  project  with  wide  spatial  extent  (from  hundreds  of  meters  to  tens  of 
kilometers). 

Limitatioiis.  Goaeral  shordine  change  modding  assumptions  as  presented 
previously  limit  GENESIS  aiqilicability  to  sidiations  for  which  these 
assumptions  are  reasonable  representations  of  die  project  site  and  planned  use. 
In  addition,  GENESIS  does  not  simulate  wave  reflection  from  structures.  The 
shordine  can  not  toudi  a  detached  breakwater;  dierefore,  tombolo  evolution  at 
detached  breakwaters  or  a  headland  breakwder  system  can  not  be  modded. 
Th«e  are  minor  restrictions  on  placement,  shape,  and  orientation  of  the 
structures,  and  the  modd  doe"  not  direedy  provide  for  changing  tide  levd. 
GENESIS  is  not  spplicable  to  calculating  shordine  change  for  situations  in 
which  beach  change  occurs  unrelated  to  Equation  18,  sudi  as:  in  die  vicinity 
of  inlets  or  areas  dominated  by  tidal  currents;  r^ions  for  which  wind-driven 
beadi  transport  is  significant;  storm-induced  beach  change  for  whidi  cross- 
shore  transport  processes  are  dominant;  and  scour  at  structures  (Hanson  and 
Kraus  1989b). 


Data  raquiramanta 

Two  levds  of  physical  data  are  typically  required  prior  to  conducting 
shordine  diange  modding;  background  information  used  to  make  an 
assessment  of  coastal  processes  at  the  site  on  the  local  and  regional  levds,  and 
project'levd  information  with  which  die  modd  can  be  calibrated,  verified,  and 
sqplied  to  examine  future  scoiarios.  The  first  levd  includes  information 
diwt  r^ional  tran^rt  rates,  regional  geology,  watw  levds  (typical  ranges 
and  datums),  and  die  frequency  and  extent  of  extrone  events.  Analysis  of 
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these  date  allows  die  modeling  sinailations  to  be  evaluated  in  larger  spatial  and 
teoqKiral  contexts. 

The  project-level  infomuttion  includes  shoreline  position  data  (re|vesenting 
at  least  dirw  different  times  for  model  calibration  a^  verificatkNi),  of&hcve 
waves,  beach  profiles  and  ot&hore  bathymetry,  and  informatXHi  mi  structures 
and  ofoer  engineering  activities  (bodi  past  and  planned  works).  Beach  inofiles 
are  required  to  determine  the  average  shape  of  die  beach,  and  offidKwe 
bathymetry  is  used  to  transform  the  of&hore  wave  data  to  nearshore  values. 
The  shoreline  position  data  are  required  for  calilnration,  verification,  and 
plication  of  the  model.  Calibration  requires  that  shoreline  positkm  data  be 
available  for  two  differem  times,  togedier  widi  waves  correqwnding  to  that 
time  period.  The  modd  parameters  Kj  and  cases  with 

detadied  breakwaters,  die  structure  transmission  to  incoming  wave  energy, 

Kji  are  determined  to  reptoduce  known  shoreline  chaise.  Model  verification 
rrfers  to  using  the  second  shoreline  petition  widi  the  calibrated  parameters  to 
predict  a  diird  shoreline.  Once  again,  waves  representative  of  conditions  that 
occurred  to  cause  evolution  of  the  shoreline  from  the  second  to  third  positkms 
should  be  used  for  model  simulation.  If  modd  verification  does  not 
adequatdy  represmit  the  known  shordine  diange,  the  modder  must  iterate 
throu^  the  Vibration/  verification  process  until  a  reasonable  modd 
agreement  with  measured  shordine  position  is  obtained.  The  q^ficatkms 
and  date  of  engineering  activities  are  required  to  prqieriy  sd  iq>  die  modd 
and,  for  planned  woric,  evaluate  future  scenarios. 

Detailed  discussions  on  die  devdopment  of  input  data  sets  for  use  with 
GENESIS  are  given  by  Hanson  and  Kraus  (1989b)  and  Cravens  (1991). 
Cravens  (1991,  1992)  presents  application  of  the  Shordine  Modding  System, 
which  consists  of  a  set  of  analysis  programs  that  may  be  used  separatdy  or  in 
conjunction  with  GENESIS  to  stre^ine  data  prqiaration  and  analysis  prior  to 
modd  inqilementation.  Specific  issues  rdating  to  iiqiut  data  required  for 
modding  of  morphologic  response  to  detached  breal^aters  are  presented  in  a 
subsequent  section  of  diis  diaptw. 


Pravioua  GENESIS  detached  breakwater  appHcationa 

Soidtivity  testing.  Hanson  and  Kraus  (1990)  investigated  die  effects  of 
varying  site  and  structure  design  parametm  on  beach  response  for  a  single 
det^ed  breakwater.  Simulation  results  lend  a  general  u^erstanding  to  how 
severd  of  the  controlling  design  variables  affect  beach  response.  The 
discussion  presented  herein  is  summarized  firom  Hanson  and  Kraus  (1990). 

The  structure  used  in  die  first  set  of  GENESIS  simulations  was  an 
inqpermeable  3(X)-m-long  breakwater,  placed  3(X)  m  offdiore  in  die  3-m  watm: 
de^.  The  first  case  examined  the  effect  of  increasing  offdiore  significant 
wave  hei^  from  0.2  m  to  1.0  m  for  normally  incidmt  wave  exeats,  uhile 
holding  die  wave  period  constant  at  4  sec,  for  a  l(X)-hr  simulation  (Fig¬ 
ure  30).  As  offshore  wave  height  increases,  the  transit  potoitial  of  the 
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Rgure  30.  Influence  of  varying  wave  height  on  shoreline  change  behirtd  a  detached 
breakwater  (Hanson  and  Kraus  1 990) 


diffracted  waves  in  die  lee  increases,  thus  prograding  the  salient  towards  the 
structure.  The  salient  progresses  ^pioxunately  linearly  with  the  increase  in 
wave  height,  although  the  accumulated  volume  for  the  larger  wave  hei^t  is 
^roximately  an  order  of  magnitude  larger  foan  for  die  smallest  wave  hm^t. 

Using  the  same  structure  as  discussed  above,  die  second  test  examined  die 
effects  of  increasing  wave  period  on  beach  response.  A  1-m  offshore 
significant  wave  height  was  used  with  a  wave  period  varying  from  3  to  S  sec. 
The  salioit  growdi  is  shown  to  increase  widi  increasing  wave  period 
(Figure  31).  Hie  longer  period  waves  have  a  greata*  shoaling  coefficimit, 
which  causes  them  to  bre^  further  offshore,  in  turn  resulting  in  a  greater 
breaker  hei^t.  As  discussed  above,  increasing  the  breaking  wave  hei^t 
advances  die  salient  towards  the  structure. 

The  diird  test  series  examined  the  effects  of  wave  variability  on 
moridiologic  response  (Figure  32).  A  200-m-long  breakwater  located  200  m 
offrhore  in  die  2-m  depth  was  used  for  the  simulations.  A  1-m  wave  height, 
4-sec  wave  period,  approaching  the  initial  shoreline  normally  (0  deg)  was  used 
for  one  of  the  wave  climates;  the  other  three  simulations  held  two  of  these 
parameters  constant  iiriiile  the  thl'd  was  normally  distributed  as  a  percentage 
of  its  mean  value  (see  Figure  32).  Results  indicate  that  allowing  the  wave 
period  and  wave  height  to  vary  has  litde  effect  on  the  observed  shoreline 
response.  Variation  of  these  parameters  simply  redistributes  the  wave  energy 
in  time,  without  changing  die  total  longshore  wave  energy  flux.  However, 
increasing  variability  in  the  wave  direction  gready  progrades  die 


Chapter  3  Toole  for  Prediction  of  Morphologic  Reeponee 


55 


0  150  300  450  600  750  900 

Distance  Aiongshore  (m) 


Figure  31 .  Influence  of  varying  wave  period  on  shoreline  change  behind  a  detached 
breakwater  (Hanson  and  Kraus  1990) 
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Figure  32.  Influence  of  wave  variability  on  shoreline  change  behind  a  detached  breakwater 
(Hanson  and  Kraus  1 990) 
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predicted  salieot.  Small  deviatioiis  in  wave  direction  increase  the  longshore 
component  of  wave  energy  flux,  which  results  in  more  sand  bdng  moved 
alongshore.  Because  of  Ae  sheltering  provided  by  die  in^iermeable  structure, 
diis  tranqwrted  material  tends  to  collect  in  die  protected  r^km  to  the  lee  of 
the  structure,  advancing  die  salient  seaward. 


The  final  sensitivity  test  used  a  200-m-long  breakwater  located  250  m 
offshore  to  evaluate  the  effect  of  varying  structure  transmission  on  predicted 
beadi  reqwnse.  Normally  incident  waves  widi  a  1.5-m  significant  wave 
hmght  and  0-sec  wave  pe^kxl  were  used  in  the  180-hr  simulation.  In 
GENESIS,  a  structure  transmission  Kj  value  of  0  indicates  an  inqtemieable 
structure,  whereas  a  value  of  1  indicates  a  structure  that  is  tranqiiarent  to 
incoming  waves.  This  smisitivity  test  used  four  Kj-  values  ranging  from  0  to 
0.8  (Figure  33).  As  expected,  an  impermeable  structure  (Kj  -  0)  results  in 
greater  salient  growdi,  while  die  more  permeable  tests  Aow  less  salient 
progradatkm.  For  example,  Kj  =  0.2  decreases  die  maximum  shoreline 
advance  36  percent  from  the  impnmeable  structure  simulation,  and  reduces 
the  accumulated  volume  by  25  percent. 

Hanson,  Kraus,  and  Nakashima  (1989)  also  present  exanqile  calculations 
illustrating  GENESIS’s  breakwater  transmission  cqiability.  A  diree-s^ment 
system,  each  s^ment  widi  a  different  transmission  coefficient,  is  used  to 
simulate  beach  re^nse  as  a  function  of  varying  wave  i^roadi.  A  second 
test  series  uses  a  continuous  structure  with  varying  transmission  prc^erties 
alongshore,  which  mi^t  occur  in  nature  due  to  differential  setding  of  die 
structure,  or  uneven  loss  of  armor  stone. 
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Figure  33.  Shoreline  change  as  a  function  of  transmission  (Hanson,  Kraus,  and  Nakashima 
1989) 
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Hsaaon  and  Knus  (1990)  extended  these  sensitivity  tests  by  applying 
GENESIS  in  a  generalized  manner  for  foe  case  of  a  sfo^e  defodied 
l«eakwater.  They  devdt^ed  a  nomogn^  predicting  morplKdogic  re^ptHise  as 
a  function  of  severd  dimmionless  design  parameters  (deepwater  wave  ho^ 
over  depth  at  structure,  breakwater  length  over  wave  length  at  foe  structure, 
and  structure  transmission),  which  conq>ared  fiivoraUy  with  six  prototype 
detadied  Iweakwater  projects.  Rosati,  Cravens,  and  Qiasten  (1992)  continued 
this  woric  to  devde^  nomographs  for  single  and  segmented  detached  break¬ 
waters.  However,  since  these  studies  were  conducted,  a  limitation  wifoin 
GENESIS  was  identified  which  indicated  foat  foe  nomogrqfos  may  tend  to 
overpredict  tombolo  formation^  The  nomographs  presented  by  Hanson  and 
Kraus  (1990)  and  Rosati,  Cravens,  and  Chasten  (1992)  may  be  useful  in 
indicating  dependencies  on  controlling  dimmtsionless  parameters.  However, 
fo^  are  not  recommended  for  application  to  project  design  in  foeir  present 
form. 

Sho-qiecific  examples.  Application  of  GENESIS  to  two  detadied 
breakwater  projects  is  summarized  from  existiqg  literature.  Discussion  of 
these  studies  herein  is  directed  towards  providing  foe  engineer  steps  involved 
in  numerical  modeling  of  detached  breakwater  systems.  For  details  about 
each  plication,  foe  referenced  publications  sh<^d  be  consulted.  In  addition, 
Appoidix  B  disoisses  foe  i^lication  of  GENESIS  at  foe  Bay  Ridge, 

Maryland,  detadied  breakwater  project. 

(1)  Holly  Beadi,  Louisiana.  Hanson,  Kraus,  and  Nakashima  (1989) 
demonstrated  use  of  foe  breakwater  transmission  c^[>abUities  of  GENESIS 
thcou^  prdiminary  calibration  results  with  foe  Holly  Beach,  Louisiana, 
detached  breakwater  project.  The  project  consists  of  six  detached  breakwater 
s^ments,  each  wifo  a  difforoit  cross-sectional  design.  The  structures  are 
construct^  of  various  quantities  and  arrangements  of  timber  piles,  used  tires, 
and  rqirqi,  whidi  result  in  varying  d^ees  of  wave  transmission. 

The  first  stq)  in  foe  modding  project  was  to  gather  and  evaluate  all 
rdevant  data  sets  and  previous  studies.  Toi  grid  cdls  are  recommended 
bdiind  eadi  detached  breakwater,  fowdiy  requiring  a  cdl  spacing  of  4.6  m. 
From  available  shordine  change  data,  it  was  determined  foat  foere  wwe 
locations  of  minimal  movemoit  outside  foe  project  area.  Thw^re,  foe 
"pinned  beach"  boundary  condition  (see  Hanson  and  Kraus  (1989b);  Gravens, 
&aus,  and  Hanson  (1991)  for  ddails)  was  applied  at  foe  rafo  of  foe  project 
reach,  to  allow  sand  transport  in  and  out  of  foe  calculation  domain.  Based  on 
fidd  dye  studies  of  structure  permeability,  foe  structure  transmission 
coefficients  were  qualitativdy  known  to  generally  decrease  from  east  to  west. 
The  weston-most  s^ment  was  riprap,  and  showed  little  wave  transmission, 
whereas  foe  eastern-most  segment  consisted  of  tires  mounted  on  one  row  of 
timber  pUes,  and  had  foe  greatest  observed  dye  transmission  (Nakashima  et  al. 


^  Penonal  Coimnunication,  1992,  Mr.  Muk  B.  Gnvens,  U.S.  Army  Engineer  Watemvmyi 
Experiment  Station,  Coaital  Engineering  Reaearch  Center,  Vidoburg,  MS. 
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1987).  Using  these  results,  Hanson.  Kraus,  and  Nakashinu  (1989)  initially 
set  the  Kj  values  to  0.9,  0.3,  O.S,  0.3, 0.7,  and  0.1  for  s^meitts  from  east  to 
west,  re^ectively.  The  parametm  and  K2  were  set  to  0.5  and  0.1, 
respectively,  after  initial  testing.  Wave  data  from  an  offthore  gauge  were 
used  to  create  an  18-monfli  time  series  corresponding  to  the  avulable  survey 
data.  Because  ftiis  time  period  included  effects  of  Hurricane  Bonnie,  which 
made  landftdl  close  to  the  gauge,  die  wave  data  required  extensive  censoring 
to  diminate  spurious  extremes  and  give  reasonable  estimates  of  wave 
conditions  at  the  site.  The  resulting  mean  wave  height  and  period  at  die 
gauge  after  modification  of  the  data  set  were  0.S3  m  and  S  sec,  re^iectivdy. 

During  the  calibration  process,  the  ATj  values  wne  modified  to  0.4,  0.8, 
0.2,  0.1,  0.0,  and  0.0  for  segments  from  east  to  west,  respectively.  Hie 
authors  expected  to  change  these  values  slighdy,  since  dieir  initial  estimates 
wwe  based  on  visual  observations  of  dye  movnnent,  whereas  structure 
transmission  p^tains  to  wave  heights  and  directions.  The  calculated  shoreline 
position  agreed  well  widi  the  measured  position,  with  locations  and  widths  of 
salioits  well-rqiroduced  (Figure  34).  Tlie  shoreline  change  corresponding  to 
the  gap  r^ons  was  not  predicted  so  well.  The  calibrated  model  was  used  to 
predia  beach  response  for  a  three-year  time  series,  (^itadvely,  diis 
prediction  compared  reasonably  well  with  survey  data. 

(2)  Lakeview  Park,  Lorain,  Ohio.  Hanson  and  Kraus  (1989a,  1991) 
present  simulations  of  shoreline  response  to  the  diree-segment  detached 
breakwater  project  at  Lakeview  Park,  Lorain,  Ohio.  The  purpose  of  this 
^plication  was  to  provide  field  verification  of  GENESIS  for  transmissive 


Shor«lln«  Position  (ft) 


Figure  34.  Preliminary  model  calibration.  Holly  Beach,  Louisiana  (Hanson, 
Kraus,  and  Nakashima  1 989) 
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detached  bfeakwnen.  The  lakeview  Park  project  oMuista  of  three  ndMe- 
nMMmd  detached  breakwater  s^meitts  protecting  a  placed  beadi  fill,  contained 
by  groini  on  bodi  ends. 

Again,  the  first  step  in  the  numerical  modeling  apfdication  was  to  evaluate 
^  relevant  studies  and  data  sets  available  for  the  inoject  area.  Ten 
calcolatkm  cells  were  set  tq)  behind  eadi  detadied  breakwater,  for  an 
alongshore  grid  spacing  of  7.6  m.  A  one-year  wave  time  series  was  used  in 
the  calilvatkm.  First,  foe  parameter  itj  was  initially  varied  until  calculated 
overall  net  transport  rates  were  close  to  estimated  values.  Then  1^2  and  foe 
boundary  condhkMi  at  foe  west  groin  were  varied  to  obtain  foe  approximate 
magnitudes  of  sand  inflow  from  foe  west.  Then  foe  transmissiiMi  coefficients 
were  varied  to  adiieve  correct  salient  sizes,  wifo  a  best  fit  obtained  for  Kj-  - 
0.S0, 0.22,  and  0.30  frmn  west  to  east.  Finally,  foe  location  of  foe  eutem 
breakwater  was  translated  two  grid  cdls  to  foe  east  to  obtain  better  agreement 
of  foe  eastern-most  salient  position.  The  result  provided  good  agreement 
between  calculated  and  measured  shoreline  positions  (Figure  3S),  wifo  a  mean 
absolute  difference  of  1.2  m.  Calculated  and  measur^  volumetric  dumges 
also  compared  wdl  (3,360  cu  m  predicted  versus  3,290  cu  m  measured). 

For  foe  model  verification  time  period,  foe  boundary  at  foe  west  groin  was 
observed  from  aerial  photognq;>hs  to  have  retreated  aiq>roximately  18  m. 
Therefore,  this  boundary  condition  was  altered  in  foe  model  sehqp,  and  model 
verification  proceeded  using  a  13-nionfo  wave  time  series.  ReasonaUe 
agreement  was  obtained,  alfoough  sensitivity  testing  indicated  foat  increasing 
foe  wave  heights  by  10  percent  wtHild  result  in  a  more  accurate  prediction,  as 
shown  in  Figure  36.  The  mean  absolute  differaicd  between  measured  and 
calculated  shoreline  positions  was  ^proximately  1.2  m,  and  foe  calculated  and 
measured  volumetric  dumge  compai^  well  (-238  cu  m  calculated,  -256  cu  m 
measured). 

Prior  to  evaluating  alternative  structure  configurations,  modd  sensitivity  to 
key  parameters  should  be  examined.  The  authors  investigated  sensitivity  of 
foe  Vibrated  modd  to  variations  in  Kj,  K2,  and  iTj. .  Of  particular  note 
is  that,  idien  grain  size  was  hdved,  foe  predicted  shordine  position  indicated 
an  increase  in  sand  volume.  This  is  due  to  foe  more  gentiy  d(q>ing 
equilibrium  beach  profile  used  in  GENESIS,  which  moves  foe  breaker  line 
frufoer  ofidiore.  Howcvct,  GENESIS  does  not  account  for  ooss-shore 
movement  of  materid,  ufoicb  would  be  greater  for  foe  smdler  diameter  fill. 
Using  an  average  vdue  for  Kjfot  each  s^mott  produced  acceptable  results, 
dtiiough  differences  in  transmissioo  coefficimts  could  be  possible  due  to 
differences  in  breakwater  construction,  wave  transformation  across  an 
irr^ular  bottom,  and  differoitid  settling. 

The  autitora  used  foe  verified  modd  to  evduate  dtemative  designs  fiw 
maintaining  foe  beadh  fill  in  place.  Simulations  wifo  detached  breakwaters 
only,  groins  only,  and  groins  extended  further  seaward  were  evaluated. 

Hanson  and  Knw  conclude  that  foe  combination  of  detadied  breakwaters  and 
short  groins,  as  constructed,  is  superior  to  sinq)ler  designs  for  preserving 
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Figure  35.  Calibration  at  Lakeview  Park,  Lorain,  Ohio  (Hanson  and  Kraus 
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Rgure  36.  Verification  at  Lakeview  Park,  Lorain,  Ohio  (Hanson  and  Kraus 
1991) 
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placed  beach  fill  material.  The  model  was  dieo  apfdied  to  a  five-year 
simulation.  Results  were  good,  showing  correct  trends  of  shordine  recession 
on  the  west  side,  advancemrat  on  the  east  side,  salient  type,  and  a  pivot  poim 
in  the  shoreline  where  the  position  did  not  vary  over  time. 

Summary.  Table  7  summarizes  the  GENESIS  modeling  parameters  for 
die  detached  breakwater  projects  discussed  above  and  presented  in 
Appendbt  A.  The  best  Dueling  parameters  to  use  for  shordine  diange 
modding  studies  are  those  diat  recreate  known  shordine  diange  through  die 
calibration  and  verification  process.  However,  calibration  and  verification 
data  sets  are  not  always  available,  and  parameters  must  be  estimated  based  on 
previous  studies.  Sdected  input  data  are  briefly  reviewed  bdow. 


Tabi«7 

GENESIS  ModeEng  Paramatar*  for  Datachad  B 

1 

1 

Loitgshore 

Median 

Number  of 

Transport 

Trarwport 

Thna- 

Grid 

Grain 

Breakwater 

Tranamisaion 

ParariMte.' 

Paramotor 

Step 

Spacing 

Size 

Pfo|90t  Mmim 

Segments 

Coefficients 

Kf 

^2 

(hour) 

(m) 

(mm) 

Hoiy  aseoh. 

a 

0.0,  0.0, 

0.50 

0.10 

0.25 

4.6 

0.20 

LoutetofM 

0.1,  0.2, 

(Hanson, 

0.8,  0.4 

Kraua,  and 

(west  to 

Nakashima 

east) 

<ita«i 

Lakeview 

3 

0.50,  0.22, 

0.42 

0.12 

0.30 

7.6 

0.40 

Park,  Lorain, 

0.30  (west 

Ohio  (Hanaon 

to  east) 

ar«d  Kraua 

1989b,  1991) 

Preaque  Me, 

3  (Bch  10) 

0.25  (aN) 

0.40 

0.12 

3 

7.6 

1.0 

Pennavivania 

(USAEO, 

3  (Bch  1) 

0.50  (aU) 

0.10 

0.12 

3 

7.6 

1.0 

Buffalo, 

unpubNahod) 

Bay  Ridge, 

11 

0.10 

0.50 

0.25 

1 

3.8 

Maryland 

(Appendix  B) 

WH. 

(1)  Structure  transmission.  In  Version  2.0  of  GENESIS,  a  constant  wave 
transmission  value  is  assigned  to  each  breakwater  s^ment.  In  nature, 
transmission  for  a  given  structure  varies  as  a  function  of  die  incident  wave 
characteristics  and  water  levels.  For  GENESIS  simulations  of  Lakeview  Park 
and  Holly  Beach,  the  breakwatw  transmission  coefficirats  were  det^mined 
through  the  calibration  process  to  r^roduce  known  shoreline  change.  For 
Presque  Isle,  breakwater  transmission  coefficients  were  ultimately  chosen 
based  on  physical  model  testing  results.  The  availability  of  transmission  data 
from  the  physical  model  tests  in  the  Presque  Isle  study  provided  an 
opportunity  to  compare  an  average  Kj  with  a  transmission  coefficient 
cdculation  using  a  standard  calculation  procedure.  This  comparison  indicated 
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tlut,  in  the  absence  of  calibration  and  voification  data  wbh  wbi^  the 
transmiaaion  parameter  can  be  determiiwd,  the  transmission  coefficient  sboiild 
be  calcttUted  using  the  largest  waves  within  die  period  of  recMd  to  more 
accurately  model  dioreline  change.  Relationships  for  estimating  rubble-mound 
structure  transmission  are  presented  in  Ch^iter  4. 

(2)  Cell  ^pacing.  Hanson  and  Kraus  (198%)  and  the  individual 
sinwlatkms  discussed  herein  recommend  using  from  8  to  10  longshore  cdls 
per  breakwater  s^ment  to  ensure  pn^  rescdutkm  of  slMweline  change  to  the 
lee  of  the  structure. 

(3)  Median  grain  size.  As  discussed  previously,  GENESIS  uses  median 
grain  size  to  determine  die  steqiness  of  the  equiliMum  profile  shigie.  Ideally, 
a  typical  project  profile  should  be  used  to  badc-calculate  an  ^active  grain 
size  that  produces  a  similar  profile  sht^  (see  equilibrium  profile  ten^late 
provided  by  Hanson  and  Kraus  (1989b)).  In  die  absence  of  bathymetric  data, 
a  representative  median  grain  size  in  die  surf  zone  should  be  specified.  The 
user  should  dieck  to  ensure  that  the  structure  depth  specified  in  the  GENESIS 
input  file  approximates  the  profile  d^th  corresponding  to  the  desired  distance 
offshore. 

(4)  Wave  climate.  Gravens  and  Scott  (1993)  conqiared  different  hindcast 
wave  climates  to  measured  wave  gauge  data  for  a  site  in  Florida,  and 
evaluated  die  data  set  that  best  reproduced  longshore  sand  tranqwrt  rates. 

They  recommended  that,  if  avail^le,  a  two-component  waive  climate  be  used 
in  numerical  modeling  of  longshore  sediment  transport.  A  two-conqionent 
wave  train  allows  wave  input  from  two  wave  sources,  and  more  accuratdy 
represents  udiat  occurs  in  nature. 


Physical  Models 


The  final  design  of  coastal  structures  such  as  a  detached  breakwater  system 
is  often  evaluated  using  physical  hydraulic  models.  These  modds  can  p^ict 
the  breakwater’s  performance  in  the  actual  (prototype)  coastal  location  and 
determine  desired  or  necessary  modifications  to  inqirove  breakwater 
performance.  Physical  model  results  can  also  be  uUd  to  validate  results  from 
the  previously  described  numerical  simulations.  Physical  model  geometric 
scales  for  coastal  applications  typically  range  from  1:20  to  1:500,  and  in 
some  cases  near  full-scale  modeling  or  tracer  studies  are  used  to  reproduce 
sediment  movem^  observed  at  the  actual  site  location. 

Physical  modds  exactly  rqiroduce  prototype  conditions  whoi  geometric, 
kinem^c  and  dynamic  similarity  are  attained.  However,  conqilete  similarity 
is  seldom  possible.  Thwefore,  the  more  critical  physical  conditions  (i.e., 
gravity  waves,  water  currents,  friction,  surface  tension,  sedimoit  motion,  etc.) 
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are  identified,  and  sinularity  is  ^ined  for  the  moat  dominant  or  severe 
oonditioa.  In  some  cases  the  geometric  scale  is  distorted  because  modeliof 
mie  dimension  0-e.,  htmzontal  lengdi)  may  cause  aaother  dimension  Q.e., 
depth,  sediment  diameter)  to  be  extremely  small  ot  large,  sdiich  is  hnpractkal 
OT  remits  in  imiwoper  flow  amditions.  In  general,  physical  hydraulic  models 
are  classified  as  undisttxted  fixed-bed,  distorted  fixed-M,  or  movable-bed, 
triiidi  is  usually  distmted  because  die  model  and  sediment  scales  are  different. 

Fixed-bed  models  basically  mean  the  bed,  or  bottom,  is  not  moving, 
l^kally,  die  bed  is  constructed  to  die  required  depdi  contours  using  omcrete 
mortar.  An  undistorted  fixed-bed  model  hm  the  same  geometric  scale  for  all 
lengdi  dimensions  G.e.,  lengdi,  widdi,  depth,  diaracteristic  size,  etc.),  and 
geometrically  distorted  models  scale  one  of  die  dimenskms  or  diaracteristic 
size  at  a  different  geometric  scale.  For  manqile,  die  widdi  is  scaled  1:100 
and  die  depth  is  scaled  1:10. 

In  coastal  applicatkms  the  bed  is  usually  sediment,  and  it  can  move  as  a 
result  of  the  hydrodynamic  forces  exerted  by  die  moving  fluid  medium. 

These  forces  are  caused  by  coastal  currents,  waves,  and  water  level  changes. 
Cmnplete  three-dimensional  movable  bed  modds  are  die  best  approach  to 
model  applications  udiere  knowledge  of  sediment  movement  is  desired  sudi  as 
is  the  case  for  determining  the  performance  of  a  detadied  breakwater  system. 
However,  diese  modds  do  not  assure  total  similitude  and  the  cost,  ctm^exity, 
and  time  required  to  condua  experiments  result  in  modified  movaMe  bed 
modeb,  udddi  do  not  satisfy  dl  of  die  primary  similarity  requirements. 
Therdbre,  a  combination  of  fixed-bed  modding,  tracer  studies,  and  movable- 
bed  modding  has  been  enqiloyed  at  WES. 

The  WES  has  numerous  large  and  small  pbysicd  modd  facilities  for 
conducting  fixed-  and  movable-bed  modd  tests  and  sediment  tracer  studies. 
The  USAGE  guidance  for  physical  modding  of  coastal  phenomena  is 
described  by  Hudson  et  d.  (1979).  Audiorative  references  rdated  to  {diysicd 
modding  or  modd  similitude  such  as  Lan^aar  (1951),  Keul^an  (19^, 

Ydin  (1971),  and  Sdiuring  (1977)  are  additional  sources  of  guidance  for  the 
conduct  of  ^ysical  modding  in  the  laboratory.  Hu^es  (1993)  addresses 
fixed-  and  movable-bed  modding  specificdly  for  coastd  miginemng,  with  a 
duller  that  is  complddy  devoted  to  movable-bed  modding  and  incorporates 
the  latest  knowledge  from  the  engineering  and  scimitific  communities.  The 
open  literature  is  anodier  source  for  guidance  and  examples  of  physical 
modding  procedures  and  experiences.  Frequently  referenced  studies  of 
Kanqihuis  (1975),  Noda  (1971),  and  Le  Mdiaute  (1970)  desoibe  guiddines 
and  procedures  for  movable-bed  modding  and  tracm’  studies. 


Summary  of  procedures  for  physically  modeling  shoreline  response  to 
detached  breakwaters 

Over  die  past  two  decades,  physical  modding  procedures  have  bem 
devdt^ied  and  used  by  WES  to  evaluate  detached  segmmited  breakwaters. 


64 


Chapter  3  Toola  for  Prediction  of  Morphologic  Reaponaa 


Hmw  pfocaduras  are  described  by  Currea  sad  Ouaham  (1977,  1980),  Bottm 
(1982),  Seabetiili  (1983),  and  Dally  and  P(^  (1986).  A  numtwr  of 
undistorted  fixed-M  models,  tracer  studies,  and/w  movabl^M  models  have 
been  otmatructed  at  WES  and  used  to  predict  the  performance  of  detadied 
teeakwaters  in  miwimizitig  shoreline  erosion.  Fixed-bed  modds  are  used  to 
investigate  the  interaction  of  existing  structures  0.e.,  groins)  with  die  planned 
breakwaters  and  their  effect  on  wave-goierated  currents.  Tracer  studies  are 
then  used  in  the  fixed-bed  model  to  qualitatively  illustrate  sediment  movement 
for  existing  structures  and  planned  breakwater  additions. 

In  movablebed  modds,  wave  conditions  are  first  generated  in  the 
movable-bed  modd  to  match  or  create  an  existing  shordine  condition  (base 
case).  Then,  the  same  wave  conditions  are  generated  with  die  modd  detadied 
breakwater  in  place,  and  the  shordine  effects  are  observed  and  documented. 
Severd  plans  for  the  breakwater  placement  and/or  diaracteristics  are  usually 
modded  to  determine  die  optimum  design. 

Prototype  data.  Wdl-documented  information  r^arding  prototype  condi¬ 
tions  over  a  sufficimit  ptfiod  of  time  is  crucial  for  this  type  of  modding. 

Wave  characteristics,  water  levd,  bathymetry,  shordine  history,  sediment 
characteristics,  currents,  and  sediment  budget  are  necessary.  C^urren  and 
Chatham  (1980)  indicate  that  die  essentid  data  are  IHtord  tranqwrt 
conqmtation,  s^iment  size  distribution  andysis,  and  die  simultaneous 
measurement  of  incident  wave  characteristics,  bottom  bathymetry,  and  littord 
and  offehore-onshore  sediment  transport  over  a  period  of  erosion  and 
accretion.  Movable-bed  modding  requires  the  most  fidd  data  and  a  minimum 
of  two  years  of  prototype  data  are  recommended  by  Ddly  and  Pope  (1986). 
Since  data  requironents  are  project  specific,  it  is  inqiortaiit  that  die  dient  and 
modder  communicate  to  determine  whether  the  necessary  data  are  available  or 
need  to  be  collected  prior  to  the  modding  effort. 

Fixed-bed  modd.  Froude  similitude  is  normally  used  for  fixed-bed 
modds  and  die  geometric  scale  is  sdected  as  large  as  possible.  Factors 
considered  in  scale  sdection  are  dq[>th  of  wder  required  to  prevent  excessive 
bottom  friction  effects,  modd  wave  heights,  availible  modd  area,  wave 
genwating  and  instrument  capability,  efficiency,  and  cost.  The  beach  and 
bathymetry  are  constructed  of  concrete  mortar  to  rqiroduce  the  bathymetry 
contours  for  a  known  prototype  condition  document^  at  some  date  and  time. 
Existing  shore  protection  structures  are  also  constructed  and  incorporated  in 
the  modd.  For  example,  groins  are  usually  constructed  of  galvanized  metal 
or  stone  and  placed  in  the  modd  according  to  prototype  miqis  and  surv^ 
data.  The  detached  breakwaters  are  constructed  of  stone  and  each  stone  is 
scaled  so  wave  reflection  and  transmission  are  correctly  modded.  The 
undistorted  flxed-bed  modd  of  sufficient  size  «)rrectly  rqiroduces  wave 
refraction,  shoaling,  diffraction,  breaking,  and  nearshore  circulation  cdls  (rip, 
feeder,  and  eddy  curr^).  The  important  parameters  to  be  modded  are  wave 
bei^t,  period  aiid  direction,  water  levels,  and  wave-gmorated  currents 
alongshore  and  adjacent  to  structures.  Dye  injected  into  die  water  has  been 
used  to  measure  and  document  current  patterns  and  magnitudes.  Waves  are 
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pfoduced  by  a  wave  generator,  which  can  be  reoriented  to  obtain  directkMiality 
of  the  wavei.  Monochromatic  waves  have  been  used  in  previous  studies  of 
Curren  and  Chatham  (1977,  1980),  Botdn  (1982),  and  Seabergh  (1983),  but 
cqMbilities  curreody  exist  for  generating  irregular  waves  fiw  future  studies. 
Results  of  fixed*bed  modeling  can  assist  in  the  determinathm  of  breakwater 
location  to  minimise  rip  current  occurrence,  scour  around  struchires,  offohore 
sediment  transport,  and  hazards  to  swimmers.  These  results  are  also  used  to 
evaluate  wave  attenuation  diaracteristics  for  various  wave  conditions,  water 
levels,  and  breakwater  lengdis. 

Tirnccr  studks.  Sedimoit  tracer  studies  are  conducted  by  pladpg 
li^itwei^  sediment  as  a  thin  veneer  over  foe  fixed-bed  bottran  contmirs  and 
observing  foe  location  of  sedimrat  accumulation  and  directkm  of  tran^xM. 
This  technique  was  successfully  used  by  Bottin  and  Chatham  (1975). 

Selection  of  foe  tracer  material  is  based  on  criteria  of  Noda  (1971),  xfoich 
relates  model  to  prototype  ratios  of  sediment  size,  specific  gravity,  and 
horizontal  and  vertical  modd  scales.  Noda’s  mefood  assumes  a  distorted  scale 
exists  in  a  movable-bed  model.  Because  an  undistorted  modd  is  used  for 
fixed-bed  modding  to  accuratdy  modd  wave  refhKtion  and  diffraction,  a 
range  of  tracer  sediment  sizes  is  determined  by  using  foe  verticd  scde  ratio 
first  and  then  foe  horizontd  scde  ratio  to  evduate  sediment  size  scde  ratios 
for  foe  same  q;>ecific  gravity.  In  foe  Presque  Ide,  Pennsylvania,  study 
(Seabergh  1983),  foe  prototype  sediments  varied  from  naSurd  sands  with 
median  diameters  ranging  from  0.11  to  0.25  mm  to  coarser  sands  used  for 
beadi  fill  wifo  a  median  diamet^  of  1.8  mm.  Using  foe  Noda  mefood  for 
crushed  cod  specific  gravity  of  1.35,  foe  modd  sediments  were  required  to  be 
2.05  to  2.09  times  foe  prototype  size.  Therefore,  foe  crushed  cod  partide 
diameter  ranged  firom  0.22  mm  (2.(^  x  0.11)  to  4.84  mm  (2.69  x  1.8),  and 
0.5-mm  crushed  cod  was  used  in  foe  tracer  study.  Results  may  be  used  to 
evduate  foe  effects  of  breakwater  distance  offshore  on  longshore  sediment 
transport  and  to  duplicate  quditative  tombolo  devdopment. 

Movable-bed  modeBng.  A  movable-bed  modd  section  is  constructed  and 
inset  in  an  area  of  foe  fixed-bed  modd.  Wave  conditions,  water  levels,  and 
sedimoit  size  are  adjusted  to  produce  foe  documented  prototype  (fooiomena 
(base  case)  and  foen  foe  same  hydrodynamic  conditions  are  used  wifo  foe 
different  inq>tovanent  plans  installed  in  foe  modd,  one  at  a  time,  to 
demonstrate  effects  on  foe  shoreline.  The  sediment  size  for  foe  modd  is 
determined  by  foe  same  technique  as  described  for  foe  traco'  tests,  only 
different  scding  criteria  may  be  selected.  In  foe  Presque  Isle  study,  a  0.9-mm 
crushed  cod  was  used  to  m^d  foe  beadi  fill  sediment.  The  modd  sedim^ 
is  continudly  fed  dong  foe  shoreline  interface  where  sediment  is  ronoved  as  a 
result  of  wave  effects.  These  tests  take  considerable  time  to  dlow  foe 
sediment  to  redistribute  hsdf  and  to  show  effects  of  foe  in-place  detadied 
breakwater  structures  on  improving  the  stability  of  foe  shore  matwid.  The 
modd  results  give  only  quditative  information  on  foe  sediment  tran^rt. 
Results  may  be  used  to  evduate  bafoymdry  response  to  a  detached  breakwato^ 
and  beach  fill  readjustment  due  to  foe  breakwater. 
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Summary  of  phyaicaiy  moddad  detached  breakwater  prelects 
conducted  at  tha  USAE  Waterways  Expwiment  Station 

Four  idiysical  modd  studies  of  detached  segmented  breakwater  systems, 
namely  Pre^e  Isle,  Pennsylvania,  Lakeview  I^,  Ohio,  Oceanside  Beadi, 
California,  lnq>erial  Boudi,  California,  were  conducted  in  Idxwanvy 
focUities  at  WES  from  1^8  to  1983.  All  modeling  was  perfr>rmed  in  a 
movable4)ed  facility  and  is  described  in  detail  by  Seabergfr  (1983),  Boom 
(1982),  and  Currm  and  Chatham  (1977,  1980).  A  summary  is  presented  by 
Dally  and  Pope  (1986),  which  is  foe  basis  of  foe  project  summaries  presented 
herein. 

Presque  ble  model  study.  Presque  Isle  Peninsula  near  Erie, 

Pmnsylvania,  is  a  recurved  sand  spit  protecting  Erie  Harbor,  and  is  also  a 
state  park  wifo  1 1  recreational  beaifoes  along  foe  sq)prozimatdy  1  l^on 
shoreline.  Historically,  foe  landward  connection  of  foe  Hiit  has  been  severed 
several  times  and  bea^  erosion  continued  as  foe  spit  migrated  to  the  east. 
Groin  field  and  beachfill  projects  did  not  halt  foe  erosion,  and  consequently, 
detached  s^mented  breal^aters  were  considered  as  a  possible  stabilizing 
solution.  A  prototype  segmented  breakwater  wifo  foree  s^ments  was 
constructed  in  1978,  and  field  monitoring  of  foe  shoreline  response  was 
conducted.  These  data  were  used  to  verify  sediment  movement  in  subsequent 
physical  models. 

A  1:50  scale,  undistorted  physical  model  as  described  by  Seaber^  (1983) 
was  constructed  to  evaluate  foe  performance  of  foe  segmented  detached 
breakwaters  at  Presque  Isle  using  Froude  scaling  laws.  The  model  rq;>roduced 
2,865  m  of  shoreline  foat  included  part  of  an  existing  groin  field  and  a 
rdadvdy  unstructured  section  of  foe  shore  as  shown  in  Figure  37.  This 
permitted  study  of  foe  interaction  of  foe  proposed  breakwaters  wifo  two  beach 
sediment  types,  and  of  particular  interest  was  foe  positioning  of  foe 
breakwaters  wifo  respect  to  foe  existing  groins.  A  movable-bed  section  was 
constructed  in  foe  model  test  basin  using  crushed  coal  based  on  sediment 
scaling  procedures  of  Noda  (1971).  Tests  were  conducted  for  existing 
conditions  (base  plan)  and  foree  segmented  breakwater  plans.  These  tests 
included  (1)  measurement  of  wave-generated  current  and  water  circulation 
patterns,  crushed  coal  tracer  tests,  and  (3)  crushed  coal  beachfill  tests. 

A  shoreline  response  similar  to  foat  observed  in  foe  prototype  was 
experimentally  duplicated.  Figure  38  shows  a  comparison  between  foe  modd 
and  prototype  shorelines  after  an  accretionary  period  and  then  after  foe  wint^ 
season  whtm  hi^er  water  levels  and  severe  wave  conditions  reduced  tombolo 
development.  Figure  39  shows  one  of  foe  proposed  breakwater  plans  installed 
in  foe  laboratory  model.  The  results  indicated  foat  a  107-m  spacing  between 
46-m-long  segments  produced  satisfactory  conditions  within  foe  readi  covo^ing 
foe  groin  field.  The  optimum  placement  of  the  breakwaters  was  offshore  of 
foe  groin  ends.  Wifo  foe  groin  field  removed,  foe  segments  could  be  placed 
closo*  to  shore  wifo  reduced  generation  of  offshore  currents,  but  foe  tombolos 
took  longa*  to  form. 
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Figure  37.  Layout  of  the  Presque  Isle  model  (multiply  by  0.3048  to  convert  feet  to  meters)  (Seabergh  1983) 


Figure  38.  Comparison  of  shoreline  response  for  the  Presque  Isle  model  and  prototype 
segmented  detached  breakwater  (Seabergh  1 983) 
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Figure  39.  An  example  detached  breakwater  plan  as  installed  in  the  Presque 
Isle  model  (Seabergh  1 983) 
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Lakeview  Park  model  study.  Lakeview  Park  is  a  recreational  facility 
located  in  Lorain,  Ohio,  along  the  southern  shore  of  Lake  Erie.  A  dmched 
breakwater  system  was  constructed  that  consisted  of  three  76-m-long  rubble- 
mound  segments,  a  S9-m-long  rubble-mound  extension  of  the  east  groin,  an 
increased  crest  height  for  the  landward  IS-m  west  groin,  and  a  placement  of 
84,106  m^  of  beach  fill.  The  detached  breakwaters  and  groin  oKxlifications 
were  designed  to  protect  the  beach  fill  and  shoreline.  Following  construction, 
localized  erosion  of  the  beach  fill  on  the  eastern  side  of  the  west  groin 
occurred.  The  fill  was  replenished,  but  subsequently  eroded  to  form  a  stable 
beach  that  was  narrower  than  desired  as  shown  in  the  aerial  photognqih. 
Figure  40. 

Fixed-  and  movable-bed  physical  models  and  tracer  studies  were  conducted 
as  reported  by  Bottin  (1982)  to  evaluate  the  degree  of  erosion  for  various 
Lakeview  Park  improvement  plans.  Because  of  limited  funds,  testing  of  the 
improvements  was  conducted  using  a  portion  of  the  previously  described 
Presque  Isle  l.SO  scale  model.  The  Lakeview  Park  structures  and  immediate 
underwater  contours  were  installed  on  a  section  of  the  Presque  Isle  model.  A 
portion  of  the  fixed-bed  model  was  replaced  with  crushed  coal  to  create  a 
movable  bed  depicting  the  Lakeview  Park  bathymetry  contours,  and  still-water 
levels  were  adjusted  so  that  depths  were  comparable  to  Lakeview  Park. 

Model  tests  were  initially  conducted  for  the  as-constructed  Lakeview  Park 
shoreline.  Combinations  of  wave  height,  period,  direction,  and  still-water 
levels  were  studied  to  determine  test  conditions  that  produced  a  stabilized 
shoreline  similar  to  that  observed  in  the  prototype.  Next,  model  tests  were 
conducted  for  several  combinations  of  rubble-mound  extensions  of  the  west 
groin  and  west  breakwater.  The  results  produced  a  recommendation  for  a 


Figure  40.  Aerial  view  of  Lakeview  Park  in  Lorain,  Ohio,  showing  typical  condition  of  the 
beach  fill  east  of  the  west  groin  (Bottin  1 982) 
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30.S-in-long  extension  of  the  west  groin  toward  the  weston  head  of  the  west 
breakwater  segment  (Figure  41).  This  resulted  in  a  smalla*  opening  between 
the  groin  and  breakwater;  thus,  less  wave  energy  penetrated  the  opening  and 
resulted  in  only  a  minor  retreat  of  the  west-end  shordine.  The  modd  tests  are 
only  qualitative,  but  showed  the  significance  of  the  groin  for  local  o’osion. 

Oceanside  Beach  modd  study.  Oceanside  Bead)  is  a  recreational  beach 
located  along  the  Pacific  Ocean  approximatdy  129  km  soudieast  of  Los 
Angdes  and  48  km  northwest  of  San  Diego,  California.  Persistent  erosion  of 
Oceanside  Beach  and  accretion  of  sand  in  the  Oceanside  Harbor  and  entrance 
channel  have  occurred  since  construction  of  the  Dd  Mar  Boat  Basin  in  1943. 

As  described  by  Curren  and  Chatham  (1980),  an  undistorted  fixed-bed 
physical  model  with  a  geometric  scale  of  1:100  was  constructed  to  investigate 
the  arrangement  and  design  of  proposed  structures  for  prev^ing  erosion  of 
Oceanside  Beach.  Froude  modeling  laws  and  a  crushed  coal  tracer  material 
were  used  in  modeling  existing  conditions  and  several  improvement  plans. 
First,  tracer  material  was  placed  on  die  fixed-bed  model  surface  at  selected 
locations  and  fed  into  the  longshore  current  to  det^mine  the  mechanisms  of 
littoral  movement.  Second,  the  tracer  material  was  placed  in  a  layer 
representing  beach  fill  on  the  model  surface  to  determine  areas  of  accretion 
and  erosion.  However,  the  extent  of  erosion  was  limited  by  the  fixed  model 
surface.  Finally,  the  fixed-bed  contoum  were  removed  and  remolded  using 
crushed  coal  to  obtain  a  movable-bed  model.  This  type  of  modeling  is  the 
most  reliable  for  determining  areas  of  accretion  and  erosion,  and  it  was  used 
for  each  beach  protection  plan. 


Figure  41 .  Shoreline  in  model  tests  with  the  Lakeview  Park  recommended  plan  of  a  30.5-m 
extension  of  the  west  groin  (Bottin  1 982) 
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Modeling  results  for  the  existing  condition  produced  sn  onshore  movemem 
of  the  coal  tracer  for  small  waves  of  tow  steepness  with  longshore  transp(»t  at 
the  shoreline.  For  high-steq)ness  waves,  the  coal  tracer  moved  seaward 
forming  a  bar  at  the  most  seaward  breaker  zone.  This  material  migrated  nordi 
or  south  depending  on  wave  direction.  The  hi^-steepness  waves  re-formed 
and  broke  a  second  time  near  the  shoreline,  resulting  in  a  second  nearshore 
zone  of  longshore  transport.  The  detached  breakwater  plans  tested  induded  a 
single  1,494-m-long  structure  with  varying  crest  elevation  and  a  s^mented 
breakwater  system  consisting  of  four  203-m-iong  s^ments  widi  203-m  g^ts. 
Each  plan  was  tested  both  with  and  without  groins  at  die  northern  and 
soudiem  extremes  of  the  beach.  Movable-bed  model  tests  showed  that  the  test 
plans  widKMit  groins  (Figure  42)  generally  resulted  in  erosion  of  die  shore  on 
the  updrift  side  of  die  model  beach  and  loss  of  material  from  the  downdrift 
side  indicating  inadequate  protection  of  the  beach  fill.  Tests  with  groins  at 
each  mctreme  (Figure  43)  ^owed  a  reduction  of  the  amount  of  coal  leaving 
the  beach  area  and  a  fairly  stable  shore. 

Imperial  Beach  model  study.  Imperial  Beach  is  located  on  the  Pacific 
Ocean  coasdine  S.6  km  north  of  *he  Mexican  border  and  17.7  km  south  of 
San  Diego,  California.  It  is  a  recreational  beach  widi  a  366-m-long  fishing 
pitf  located  in  die  center  and  normal  to  the  beach.  Two  groins,  226  and  122 
m  long,  are  located  899  and  495  m  north  of  the  fishing  pier,  respectively. 

The  main  sediment  source  for  Imperial  Beach  is  die  Tijuana  River,  and 
construction  of  Morena,  Barr^,  and  Rodriquez  Dams  has  trapped  die  river 
sediments  bdiind  the  dams.  Lack  of  river  flooding  has  also  been  cited  for  die 
shortage  of  sediment  reaching  the  mouth  of  the  Tijuana  River.  The  decreased 
amount  of  sediment  available  for  longshore  transport  to  Inqierial  Beach  has 
caused  increased  beach  erosion.  Two  groins  that  were  constructed  between 
1959  and  1963  were  ineffective  in  stabilizing  the  beach. 

Froude  model  testing  in  a  1:75  scale  physical  modd  was  conducted  to 
evaluate  the  arrangement  and  design  of  alternative  structures  for  the 
prevention  of  Inqierial  Beach  erosion.  Crushed  coal  was  used  as  a  tracer  for 
modeling  the  existing  condition  and  proposed  new  structures  under  various 
wave  conditions.  The  proposed  new  structures  consisted  of  (1)  a  single 
detached  breakwater  at  the  -4.6-  and  -3.0-m  dq>th  contours,  (2)  segmented 
breakwaters  at  the  -4.6-  and  -1.5-m  contours,  (3)  a  single  detached  breakwater 
segmented  by  low  sill  sections  at  the  -3.0-  and  -1.5-m  contours,  and  (4)  vari¬ 
ous  groin  locations. 

The  modd  results  for  existing  conditions  diowed  that  both  nordi-  and 
soudi-directed  longshore  currents  were  interrupted  at  regular  intervals  by 
strong  rip  currents  that  transported  significant  quantities  of  sediment  ofr^ore 
where  it  was  eidun’  lost  in  deep  water,  transported  alongshore  on  a  bar,  or 
transported  shoreward  by  low  steepness  waves.  These  modd  rip  currents 
were  similar  to  observed  prototype  currents.  A  five-groin  plan  resulted  in 
strong  rip  currents  for  almost  all  wave  conditions  and  was  ineffective  in 
trtqiping  tracer  material.  A  nine-groin  series  was  effective  in  trsqiping  tracer 
material,  but  significant  quantities  of  stone  would  be  required  for  construction. 


Chapter  3  Toola  for  Prediction  of  Morphologic  Response 


Figure  43.  Oceanside  Beach  model  test  results  for  detached  segmented  breakwater  system 
with  groins.  Arrows  indicate  current  direction  (Curren  and  Chatham  1 980) 
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Testing  s^mented  breakwatw  plans  at  the  -4.6-m  depth  contour  (Figure  44) 
showed  that  shorter  s^ments  with  shorter  gaps  produced  weaker  rip  currents 
and  retained  most  of  die  tracer  material,  but  a  large  volume  of  stone  was 
required  for  construction.  Submerged  structures  at  the  -3.0-m  depth  revealed 
that  breaking  waves  piled  water  between  the  breakwater  and  shordine,  and  the 
seaward  return  of  die  water  created  strong  rip  currents  and  die  loss  of  tracw 
mato-ial  to  deqi  water.  Test  results  with  s^mented  breakwaters  located  at  the 
-l.S-m  contour  with  gaps  indicated  there  was  too  much  wave  transmission  in 
the  structure  lee.  Low  sills  were  placed  in  the  gaps  (Figure  4S)  and  were 
successful  in  retaining  all  but  small  quantities  of  traco^.  and  dius  the  low  sills 
between  breakwater  segments  appeared  to  reduce  the  total  wave  transmission 
and  caused  the  least  impact  on  longshore  transport. 


Figure  44.  Typical  wave  and  current  patterns  and  current  magnitudes  for  segmented 

detached  breakwaters  at  the  -4.6-m  contour  in  the  Imperial  Beach  model  (Curren 
and  Chatham  1 977) 
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Figure  45.  Results  of  Imperial  Beach  model  study  for  a  single  detached  breakwater  with 
low  sills  at  -1 .5-m  depth  contour  (Curren  and  Chatham  1977) 
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4  Structural  Design  Guidance 


Structural  Design  Objectives 


Traditioiial  bi^-crested  breakwaters  with  a  nmlti-layered  cross  section  are 
typically  used  for  navigation  purposes  at  entrance  cban^s  and  harbors;  but 
may  not  be  appropriate  for  a  structure  used  to  protect  and  stabilize  a  beacb, 
shoreline,  or  wetland.  Adequate  protection  may  be  more  economically 
provided  by  a  low-crested  or  submerged  structure  composed  of  a 
homogeneous  pile  of  stone.  The  greater  tolerance  of  wave  transmission  at 
such  sites  has  resulted  in  low-crested  rubble-mound  breakwaters  being  widely 
used  or  considered  for  use  in  beadi  stabilization,  shore  protection,  and 
wetland  developmoit  or  protection.  Recem  laboratory  tests  specifically  related 
to  low-crested  structures  have  resulted  in  empirical  rdationsbips  to  determine 
both  the  stability  and  performance  characteristics  of  low-crest^  rubble-mound 
structures.  The  focus  of  this  chapter  of  the  report  is  aimed  at  the  structural 
a^iects  of  rubble-mound  breakwaters. 

The  main  structural  design  objectives  of  detached  breakwaters  are  to  ensure 
diat  the  structure  remains  stable  and  provides  acceptable  performance 
diaracteristics  throughout  die  project  design  life.  Low-crested  breakwater 
design  consists  of  determining  the  required  crest  devatkm,  crest  width, 
structure  slope,  and  armor  requirements  to  provide  the  desired  stability  and 
functional  performance  under  the  anticipated  design  wave  and  water  level 
conditions.  Structural  guidance  is  provided  to  aid  in  die  development  of  a 
breakwater  cross  section  to  meet  b^  the  functional  and  structural  needs  of  a 
given  project  location. 


Design  Wave  and  Water  Level  Selection 


In  the  selection  of  design  water  levels  and  design  waves  for  a  project,  the 
condHiotis  critical  to  structure  stability  and  performance  must  be  considered. 
The  conditions  represent  critical  threshold  combinations  of  tide  levd,  surge 
level,  wave  conditions,  etc.,  which,  if  surpassed,  will  endanger  the  project 
and/or  make  the  structure  nonfunctional  during  their  occurrmice 
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(EM  1 1 10-2-1414).  Metfiods  to  estinutte  the  probabilities  of  exceedence  of 
sudi  critical  condHioas  along  with  detailed  guidance  on  the  determination  and 
sdection  of  water  levds  and  wave  heights  for  coastal  engineering  design  are 
presented  in  EM  1 1 10-2-1414,  Water  Levels  and  Wave  Heights  for  Coastal 
Engineering  Design.  Sudi  critical  conditions  may  be  tolerable  on  a  more 
frequent  basis  for  shore  shfoilization  structures  conqtared  to  navigation 
structures,  since  such  structures  are  primarily  used  to  prevent  erosion,  not  to 
protect  people’s  lives.  A  decrease  in  design  level  nuy  also  offer  a  substantial 
cost  savings  over  the  traditional  SPM  design  aq>proach.  These  foctors  need  to 
be  considered  when  sdecting  design  water  levds  and  wave  heights  for 
detadied  breakwaters  used  as  shoreline  stabilization  structures. 


Water  lovola 

The  mitire  range  of  possible  water  levels  is  needed  for  the  structural  design 
of  beach  stabilization  structures.  Hi^-water  levels  are  used  to  estimate 
maximum  depth-limited  breaking  wave  heights  and  to  determine  crest 
elevations.  Low-water  levels  are  generally  used  for  toe  protection  design. 
Water  levels  can  be  affected  by  astronomical  tides,  storm  surges,  seiches, 
river  discharges,  natural  lake  fluctuations,  and  reservoir  storage  limits. 

Design  water  levels  are  typically  described  statistically  in  terms  of 
frequency,  or  probability  that  a  givmi  water  levd  will  be  equalled  or 
exceed,  or  its  return  period  in  years.  Thus,  for  example,  the  water  level 
that  is  exceeded  once  in  SO  years  (a  2-percent  probability  of  being  exceeded  in 
any  1  year)  might  be  specified  as  a  design  water  levd.  Significant  deviations 
from  predicted  astronomical  tide  levels  will  occur  during  storms  because  of 
meteorological  tides  (storm  surges)  caused  by  strong  onshore  winds  and  low 
atmospha’ic  pressure.  Consequently,  design  water  levds  for  a  structure  may 
include  a  storm  surge  with  a  specified  return  pm’iod.  Detailed  information  on 
the  prediction  of  astronomical  tides  and  storm  surge  are  available  in  EM  1110- 
2-1414  and  EM  1110-2-1412. 


Waves 

Wave  data  required  for  structural  design  differ  from  data  needed  for 
functional  design.  Structural  design  generally  focuses  on  larger  waves  in  the 
wave  climate  smce  these  waves  rq)resent  critical  conditions  which  may 
endanger  the  structure’s  stability.  Structural  stability  criteria  are  most  often 
stated  in  terms  of  extreme  conditions  which  a  coastal  structure  must  survive 
without  sustaining  significant  damage.  The  conditions  usually  include  wave 
conditions  of  some  infrequent  recurrence  interval,  say  25  or  SO  years. 

Wave  hei^t  statistics  to  determine  design  conditions  will  normally  be 
based  on  hindcast  wave  data  since  a  reiativdy  long  record  is  needed  for 
extrapolation  and  wave  gauge  records  rarely  cover  a  sufficient  duration.  WIS 
has  developed  hindcast  data  spanning  20  years  for  all  three  ocean  coasts  and 
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the  Great  Lakes.  Hindcast  data  are  normally  presented  for  reittively 
deepwater  conditions.  Since  detached  breakwaters  are  placed  in  the  nearshore 
environm«tt,  the  selected  design  wave  height  must  be  analytically  propagated 
shoreward  to  the  structure.  The  deepwater  significant  wave  height  and 
significant  or  peak  spectral  wave  period  can  be  used  along  widi  water  level 
and  bathymetric  data  to  perform  refraction  and  shoaling  analyses  which 
determine  wave  conditions  at  the  site.  Several  nummcal  models  are  available 
to  perform  these  (Rations  and  are  presented  as  part  of  foe  CMS  (Cialone  et 
al.  1992). 

The  choice  of  design  wave  conditions  for  structural  stability  should 
consider  whether  foe  structure  is  subjected  to  foe  attack  of  no^reaking, 
breaking,  or  broken  waves.  Wave  conditions  at  a  structure  site  depend 
critically  on  foe  existing  water  level.  Consequently,  a  design  still-water  levd 
(swl)  or  range  of  watw  levels  must  be  established  in  determining  wave  forces 
on  a  structure.  Structures  may  be  subjected  to  radically  differoit  types  of 
wave  action  as  foe  water  level  at  foe  site  varies.  A  given  structure  might  be 
subjected  to  nonbreaking,  breaking,  and  brokra  waves  during  different  stages 
of  a  tidal  cycle.  Critical  design  conditions  are  foe  wave  and  water  level 
combinations  which  result  in  maximum  forces  or  minimum  structural  stability. 

Selection  of  design  wave  heights  for  nearshore  structures  will  often  be 
controlled  by  depth-limited  waves.  The  dq>fo-iimlted  breaking  wave  hei^t 
for  foe  given  design  water  level  should  be  calculated  and  compared  with  foe 
unbrok«i  design  storm  wave  heijfot,  and  foe  lesser  of  foe  two  chosen  as  foe 
design  wave.  Maximum  depth-limited  breaking  wave  heights  can  be  estimated 
using  procedures  found  in  Chapter  7  of  foe  Shore  Protection  Manual  (1984). 

If  breaking  in  shallow  water  does  not  limit  wave  height,  a  nonbreaking 
wave  condition  exists.  For  nonbreaking  waves,  foe  design  height  is  sdected 
from  a  statistical  wave  height  distribution.  The  selected  design  height  depends 
on  whether  foe  structure  is  defined  as  rigid,  semirigid,  or  flexible  (Shore 
Prtaection  Manual  1984).  For  rigid  structures,  such  as  cantilever  sted  sheet¬ 
pile  walls,  where  a  large  wave  within  foe  wave  train  can  cause  failure  of  foe 
entire  structure,  foe  design  wave  height  is  normally  based  on  (=  1.67  H^, 
foe  average  of  highest  1  percent  of  all  waves).  For  semirigid  structures,  foe 
design  wave  height  can  range  from  Hjq  (=1.27  H^,  foe  average  of  highest  10 
percent  of  all  waves)  to  Hj.  Steel  sheet-pile  cell  structures  are  semirigid  and 
can  absorb  wave  pounding;  therefore  a  design  wave  of  Hjq  may  be  used.  For 
flexible  structures,  such  as  rubble-mound  structures,  foe  design  wave  height 
Hjq  is  typically  used.  Waves  higher  than  foe  design  wave  height  impinging 
on  flexible  structures  seldom  create  serious  damage  for  short  durations  of 
extreme  wave  action. 

Damage  to  rubble-mound  structures  is  usually  progressive,  and  an  extended 
pwiod  of  destructive  wave  action  (waves  greater  than  design  conditions)  is 
required  before  a  structure  ceases  to  provide  protection.  It  is  therefore 
necessary  m  selecting  a  design  wave  to  consider  both  foe  frequency  of 
occurrence  of  damaging  waves  and  economics  of  initial  construction. 
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protectioD,  and  maintenance.  On  the  Atlantic  and  Gulf  coasts  of  die  United 
States,  hurricanes  may  provide  the  design  criteria.  The  frequency  of 
occurrence  of  the  design  hurricane  at  any  site  may  range  from  once  in  20 
years  to  once  in  100  years.  On  the  North  Pacific  Coast  of  the  United  States, 
die  weadier  pattern  is  more  uniform  and  severe  storms  are  likely  each  year. 
The  use  of  as  a  design  height  under  these  condhioia  could  result  in 
significant  annual  damage  due  to  a  frequency  and  duration  of  waves  greater 
than  H,  in  the  spectrum.  Higher  wave  heights  such  as  Hjq  or  may  be 
advisable  to  reduce  maintenance  costs  {Shore  ProtectUm  Manual  1984). 


Structural  Stability 


Structural  stability  analyses  are  performed  to  determine  required  armor 
units  or  to  predict  expected  level  of  damage  that  will  occur  for  a  given 
structure  exposed  to  selected  design  wave  and  water  level  conditions. 
Structural  stability  can  be  divided  into  two  types:  static  and  dynamic. 
Conventional  breakwaters  have  been  design^  to  remain  statically  stable  or 
allow  zero  damage  to  rigid  and  smnirigid  structures  and  less  than  5  percent 
damage  to  rubble-mound  structures  for  wave  conditions  not  exceeding  design 
conditions.  Recent  efforts  (Ahrens  1987,1989;  Van  der  Meer  1990,  1991; 
Sheppard  and  Hearn  1989)  have  focused  on  the  design  of  dynamically  stable 
structures  such  as  reef  breakwaters  where  initial  crest  heights  are  allowed  to 
be  reshaped  due  to  wave  attack.  The  stability  of  such  structures  is  measured 
in  terms  of  reduction  in  crest  height  due  to  wave  atuudt. 

The  stability  of  a  nibble-mound  structure  can  be  influenced  by  a  number  of 
parameters  including  wave  and  water  level  conditions,  armor  characteristics 
(size,  shape,  placement  methods,  etc.),  crest  elevation  and  width,  structure 
slope,  and  overall  structure  permeability.  A  number  of  dimensionless 
parameters  including  die  stability  coefficient,  stability  number,  and  spectral 
stability  number  have  been  developed  by  various  researchers  {Shore  Protection 
Manual  1984;  Ahrens  1984,1987)  to  incorporate  the  influence  of 
environmental  variables  and  structural  design  parameters  mto  a  single 
parameter.  Such  parameters  are  useful  in  analyzing  the  influmice  of  each 
variable  on  the  overall  stability  of  the  structure. 

Stabilities  of  three  different  types  of  rubble-mound  breakwatm  are 
presented  to  aid  in  the  design  of  a  nearshore  breakwater  for  shordine 
protection.  The  three  types  are  defined  as  amventional,  statically  stable  low- 
crested,  and  dynamically  stable  reef  breakwaters.  Methods  are  presented  for 
eadi  structure  type  to  assess  the  structure’s  stability  and  detomine  stone 
dimensions  and  crest  elevations  required  to  provide  a  stable  structure. 
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Conventional  braakwatara 


Cooventional  nibble-mound  breakwaters  (Figure  46)  have  been  designed 
for  damage  (less  than  5  percent  structural  damage)  undo-  design  wave 
conditions.  In  the  case  of  offshore  breakwaters,  this  usually  means  specifying 
the  crest  elevation  such  that  little  to  no  overtopping  occurs,  since  the  volume 
of  water  overtopping  the  crest  has  beoi  found  to  be  an  important  paramet^  in 
determining  rear  sl(^  stability  (Sheppard  and  Hearn  1989).  Zero  damage 
and  minimal  overtopping  are  two  assumptions  incorporated  into  the  Hudson 
stability  formula  (S!tore  Protection  Mai^  1984), 

fu 

W  - - -  (20) 

(5,  -  D*  cote 

where  W  is  the  weight  of  the  individual  armor  unit;  is  the  unit  weight  of 
the  armor  unit;  H  is  the  design  wave  height;  is  the  stability  coefficient; 
is  the  specific  gravity  of  the  vmor  unit;  and  0  is  the  angle  of  structure  slope 
measured  from  horizontal. 


Figure  46.  Cross  section  for  conventional  rubble-mound  breakwater  with 
moderate  overtopping  (Shore  Protection  Manual  1 984) 

The  Hudson  formula  has  been  used  extensively  in  the  United  States  for 
breakwatw  design.  However,  apparent  shortcomings  of  Hudson’s  formula, 
including  lack  of  influence  of  wave  period  and  the  fact  that  it  is  based  on 
regular  wave  tests,  have  been  the  subject  of  much  discussion  in  recent  years. 
Additional  research  aimed  at  such  concerns  has  been  conducted  by  a  few 
investigators  (Van  der  Meer  1987,  Carver  and  Wright  1992). 

Van  dn-  Meer  (1987)  derived  two  stability  equations,  one  for  plunging 
(breaking)  waves  and  one  for  surging  (nonbreaking)  waves.  These  equations 
are  as  follows: 
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Pimgtng  (breaking)  M/aves 


H. 


A  A 


•so 


\-0J 


Surging  (nonbreakUig)  waves 


(21) 


H. 


A  D. 


•so 


1.0  p- 


^ooTB 


(22) 


wbwe  ^2  ^  similarity  parameter. 


<5. 


tan  0 


2ic  A, 

<  it 


(23) 


A  =  relative  mass  density  of  stone,  =  pJPw  *  ^  (^^) 

=  mass  doisity  of  armor 
^  mass  density  of  water 

^nSO  =  nominal  diameter  of  stone,  =  (^s</f*J^  (^^) 

W50  =  SO  percent  value  (median)  of  the  mass  distribution  curve 

P  s  permeability  coefficient  of  tbe  structure  as  defined  by  Van  der 
Meet  (1987)  (Figure  47) 

5  =  damage  level,  =  I  ^nso  (2^) 

A,  —  eroded  cross-sectional  area  in  profile 
H  =  number  of  waves  (storm  duration) 

^2  =  surf  similarity  parameto’ 

7^  =  average  wave  period 


Tbe  term  on  tbe  left  side  of  Equations  21  and  22  is  referred  to  as  tbe 
stability  number  N,  as  defined  by  Van  der  Meer. 


iV, 


(27) 


Van  der  Meer’s  equations  clearly  include  more  explicit  dependence  on 
important  parameters  of  the  problem  than  Hudson’s  formula.  They  are 
formulated  in  terms  of  irregular  wave  parameters.  A  dependence  on  wave 
period  comes  in  through  the  surf  similarity  parameter,  Permeability, 
which  has  been  shown  to  impact  stability,  is  also  includ^  as  well  as  damage 
level  and  storm  duration.  However,  there  are  some  important  explanations 
and  qualifications  which  need  to  be  considered  when  applying  Van  der  Meer’s 
equations.  Van  der  Meer’s  definitions  of  significant  wave  height, 
permeability,  and  acceptable  damage  levels  must  be  used  when  applying  the 
equations.  Also,  design  conditions  must  fall  within  the  accqitable  ranges  of 
structure  slope,  wave  steepness,  storm  duration,  and  mass  density.  Both  the 
Hudson  formula  and  Van  der  Meer’s  equations  are  suitable  in  stability  analysis 
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Dnso  ^  Nominal  Diometer  Armor 

Dpso  F  =  Nominol  Diameter  Filter 

Dp5o  C  —  Nominal  Diometer  Core 

Structures  on  Fig.  5a,  5c,  and  5d  Have  Been  Tested 

The  Value  of  P  for  Fig.  5b  Has  Been  Assumed 


Figure  47.  Permeability  coefficient  P  (Van  der  Meer  1987) 


of  breakwater  armor  layers;  however,  each  has  limitations  and  assumptions 
which  need  to  be  considered  in  design. 


Statically  stable  low-crested  breakwaters 

Low-crested  breakwaters  are  similar  to  conventional  non-overtopped 
structures,  but  are  more  stable  due  to  the  fact  that  a  large  part  of  the  wave 
energy  can  pass  ovw  the  breakwater.  The  increase  in  stability  can  be 
physically  explained  by  the  different  wave  motion  which  acts  on  the 
structure’s  slope.  For  non-overtopped  structures,  the  majority  of  runup  water 
will  return  during  the  down-rush  (except  for  the  part  that  penetrates  the  core). 
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With  a  lower  crest  the  wave  overtops  the  structure  and  die  rundown  will  be 
mudi  smaller,  which  increases  stability.  An  example  of  a  low-crested 
breakwater  is  diown  in  Figure  48. 

The  stability  of  a  low-crested  breakwater  widi  the  crest  above  the  still- 
water  level  is  first  established  as  being  a  non-ovetu^q[>ed  structure  (Van  der 
Meer  1990).  Stability  formulae  such  as  Hudson’s  formula  or  Van  der  Meo-’s 
formulae  can  be  used  to  determine  the  required  stone  diameter  of  the  non- 
overtopped  breakwater.  Required  stone  diameter  for  an  overtt^iped 
breakwater  can  then  be  determined  by  multiplying  the  stone  diametn  for  a 
non-overtopped  breakwater  by  a  reduction  foctor  to  acooum  for  foe  increase  in 
stability.  After  analysis  of  several  data  sets.  Van  ia  Meer  (1991)  describes 
foe  increase  in  stability  as  a  function  of  dimensionless  freeboard  in  foe 
form  of  foe  following  reduction  factor: 

Reduction  factor  for  r  -  1/(1. 25  -  4.8  (28) 

for  0  <  <  0.052 

dimensionless  fre^ard,  (r  (29) 

crest  fredtoard,  level  of  crest  rdsmve  to  still  wato- 
fictitious  wave  steepness,  2vH^gT^  (30) 

peak  wave  period 

Equation  28  describes  foe  stability  of  a  statically  stable  low-crested  breakwat^ 
with  foe  crest  above  still-water  levd  in  conq)arison  wifo  a  non-overtopped 
structure.  Figure  49  shows  Equation  28  for  various  wave  steepnesses.  The 
reduction  factor  for  foe  requir^  stone  diameto*  can  be  read  off  foe  graph  or 
confuted  using  Equation  28.  It  can  be  sem  in  Figure  49  foat  an  avmge 
reduction  of  0.8  in  diameter  is  obtained  for  a  structure  wifo  foe  crest  height  at 
foe  still-water  level.  The  required  mass  is  a  factor  (0.8/  =  0.51  of  foat 
required  for  a  non-ov^pped  structure. 


vfoere 


Dynamicaily  atable  reef-type  breakwaters 

A  reef  breakwater  is  a  low-crested  nibble-mound  breakwatw  without  foe 
traditional  multi-layer  cross  section  (Figure  SO).  This  type  of  breakwater  is 
little  more  than  a  homogeneous  pile  of  stones  wifo  individual  stone  weights 
similar  to  those  used  in  foe  armor  and  first  underlayer  of  conventional 
breakwatm  (Ahrms  1989).  Because  of  their  high  porosity  and  low  crest,  reef 
breakwaters  are  stable  to  wave  attack  and,  at  foe  same  time,  if  they  are  high 
enough,  can  dissipate  wave  enwgy  effectively.  Since  they  have  no  core,  they 
cannot  fail  catastrophically  and  therefore  a  logical  strategy  is  to  allow  them  to 
adjust  and  deform  to  some  equilibrium  condition  (Ahren?  1989).  The  equilib¬ 
rium  crest  height,  along  wifo  corresponding  transmission,  are  foe  main  design 
parametm.  Tolerable  crest  hei^t  reductions  and  maintraance  requiremmts 
should  be  defined  by  foe  designer. 
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Figure  48.  Example  of  a  low-crested  breakwater  at  Anne  Arundel  County,  Maryland 
(Fulford  and  Usab  1992) 
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ELEVATION 

ABOVE  PUTFORM,  CM 


Fioura  49.  Oasion  graph  with  raduction  factor  for  tha  stona  diamatar  of  a 
k)w-cnatad  atructura  as  a  function  of  rdativo  crast  haight  and 
wava  staapnass  (Vm  dar  Maar  1991) 


Rgure  50.  Typical  reef  profile,  as  built,  and  after  adjustment  to  severe 
wave  conditions  (Ahrens  1 987) 


The  analyses  on  stability  of  reef  breakwaters  by  Ahrens  (1987,1989)  and 
Van  der  Meer  (1990)  concentrated  on  change  in  crest  bei^t  due  to  wave 
attack.  Ahrens  defined  a  number  of  dimensionless  parameters  used  in 
describing  behavior  of  the  structure.  The  main  parameter  is  die  crest  hei^t 
reduction  factor  hg/h/,  which  is  the  ratio  of  the  crest  height  at  the  end  of  the 
laboratory  test  to  tte  initial  crest  height 
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Another  important  parameter  defined  by  Ahrens  is  the  spectral  (or 
modified)  stability  number  defined  as: 


H 

A^.50 


(31) 


where  is  the  zero-moment  wave  hei^t  of  the  incident  wave  spectrum  and 
is  die  Airy  wavelength  calculated  using  die  peak  wave  period  and  die 
local  water  depdi  h  at  the  toe  of  the  structure. 


The  reduced  crest  height  of  a  reef  breakwattf  is  estimated  by: 


where  "a"  is  a  coefRci^  and  is  the  structure’s  cross-sectional  area. 

Ahrens  (1989)  gives  sevtfal  equations  for  the  coefficient  ”a”.  Van  der 
Meer  (1988)  tested  sevwal  structures  with  crest  heights,  water  depths,  bulk 
numbers,  and  slope  angles  diffo'ent  than  Ahrens.  Van  der  Meer  (1990)  re¬ 
analyzed  the  data  of  Ahrens  (1987)  and  Van  do*  Meer  (1988),  and  derived  a 
new  equation  for  the  coefficient  "a."  The  resulting  equation  is  similar  to 
Ahrens,  but  valid  for  a  wider  range  of  conditions.  The  resulting  equation  for 
die  coefficient  "n"  is  given  by: 

•a •=  -0.028  +  0.045C  +  0.034  h^’/h  -  OxlOr^  (33) 

and  =  h/  if  in  Equation  32  >  h^. 
where 

C*  =  average  structure  slope  "as  built"  (normal  range:  7.5^  C'^  3.0) 

=  bulk  number,  A,/ (34) 

A,  =Bh^’  +  C'h^'^  (35) 

B  =  crest  width  (normally  taken  as  3  median  stones  wide,  3 

Crest  hei^t  reduction  of  a  reef  breakwater  as  shown  in  Figure  SO  can  be 
calculated  using  Equations  32  and  33.  Design  curves  can  also  be  produced 
from  these  equations  which  give  the  crest  hei^t  as  a  function  of  (Fig¬ 
ure  51)  or  even  (Figure  52)  for  a  given  water  level,  structure  slope,  initial 
crest  hei^t,  and  bulk  number.  Bulk  number  can  be  described  as  the 
equivalmit  numtm  of  median  stones  per  median  stone  width  in  the  breakwater 
cross  section.  The  reefi  tested  by  Ahrens  and  Van  der  Meer  have  rdativdy 
hi^  bulk  numbos  (B„  greater  than  200)  compared  to  many  structures  that  are 
actually  being  built  in  the  United  States.  Therefore,  bulk  numbers  for  a  given 
design  should  be  checked  against  die  valid  ranges  of  die  above  equations  to 
assure  accurate  results. 
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reef  type  breakwater  using  H,  (Van  der  Meer  1991) 


REEF  BREAKWATER  MODEL 


Rgure  52.  Design  graph  of  reef  type  breakwater  using  the  spectral  stability  number  N*, 
(Van  der  Meer  1 990) 


Performance  Characteristics 


Low-crested  rubble-mouiid  breakwatm  offer  an  attractive  altmiative  to  the 
protection  of  sbordines  against  direct  wave  attack.  It  is  inqwrtant,  bodi 
functionally  and  structurally,  to  assess  the  effectivoiess  of  a  given  breakwater 
design  by  predicting  die  amount  of  wave  m«’gy  transmitted,  reflected,  and 
dissipated  by  the  structure.  Such  performance  characteristics  involve  a 
number  of  conqilex  processes.  Some  incident  wave  energy  may  be  reflected 
by  die  structure,  some  wave  energy  may  be  dissipated  by  turbulent  interaction 
with  the  armor  layer,  some  wave  energy  may  be  dissipated  internally  within 
the  core  of  the  pmneable  structure,  and  some  may  be  transmitted  through  or 
over  the  structure  resulting  in  wave  action  in  the  lee  of  the  structure. 

Inqiortant  factors  identifiable  in  the  process  include  incidrat  wave  conditions 
and  the  structure’s  shape,  material  composition,  and  d^ee  of  emergence  or 
submergence.  Figure  53  shows  some  of  the  key  parameters  involved  in 
determining  a  breakwater’s  performance  characteristics. 
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Figure  53.  Terminology  involved  in  performance  characteristics  of  iow-crested  breakwaters 


Transmiseion 

Transmission  of  wave  energy  beyond  nibble  structures  has  been  studied  by 
many  researdiers  covering  a  wide  variety  of  structures  and  resulting  in 
numerous  methodologies  and  equations  useful  in  predicting  the  characteristics 
of  transmitted  waves.  The  majority  of  breakwaters  used  for  shoreline 
stabilization  consist  of  low-crested  pwmeable  structures  which  have  wave 
eiergy  transmitted  both  throu^  and  over  foe  structure.  Three  mefoods  or 
procedures  applicable  to  such  structures  are  presetted  below  to  aid  foe 
designer  in  determining  a  transmission  coefficient  J?,  to  be  used  in  functional 
design.  Each  method  was  developed  for  a  different  range  of  structural  and 
incident  wave  conditions.  The  designs  must  determine  which  method  is  most 
iqiplicable. 

The  transmission  coefficient  K,  is  generally  defined  as  foe  ratio  of  foe 
transmitted  wave  height  to  foe  incident  wave  height. 

=  |  (36) 

where 

Hf  =  transmitted  wave  height 
=  incident  wave  height 

As  stated  previously,  two  types  of  wave  transmission  occur  with  low- 
crested  permeable  structures:  wave  regeneration  caused  by  ov^topping  of  foe 
structure’s  crest,  and  wave  energy  transmitted  through  foe  p^meifole 
structure.  Seelig  (1980)  approached  foe  transmission  problem  by  making 
indqieodent  estimates  of  energy  transmitted  by  each  condition  and  combining 
foe  two  components  to  obtain  foe  total  transmitted  eno’gy: 
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w^Mre 


K,  s  total  wave  transmissioii  coefficient 
s  overtopping  tranunission  coefficieot 

K„  s  fiuroa^  transmission  coefficiem 

This  method  was  programmed  as  one  of  die  modules  in  the  Autommed 
Coastal  Engineering  System  (ACES)  (Leenknecht,  Szuwalski,  and  Sheriock 
1993)  tided  "Wave  Transmission  Thrw^  Permeable  Structures."  Seelig’s 
a^iroadi  provides  a  method  to  estimate  wave  transmission  for  a  wide  range  of 
structure  types  and  geometry  and  for  a  wide  range  of  wave  conditions. 

Ahrens  (1987)  devdoped  a  mediod  to  estinutte  wave  transmission  based  on 
about  200  laboratory  tests  of  reef  breakwaters.  Irregular  wave  tests  wat 
pwformed  on  bodi  submerged  and  nonsubmerged  reefii.  Ahrens*  ai^roadi  is 
based  on  die  use  of  two  formulas  n^ich  are  selected  depending  on  die  reladve 
freeboard  (R^/H^  value. 

For  relatively  high  reefii,  R(/H^  >  1.0,  die  dominant  mode  is 
transmission  throu^  the  reef.  The  transmission  coefficient  is  largdy  a 
function  of  one  variable  ii^ich  is  die  product  of  wave  steqiness  and  the  bulk 
number. 


1.0 


1.0  > 


vosn 


(38) 


When  the  dominant  modes  of  transmission  result  from  wave  ovwtqipiiig  or 
waves  propagating  over  the  crest  of  a  submerged  reef  <  1.0^,  a 

rather  conqilex  rdation  involving  several  variables  is  requir^  to  pr&lict 
transmission  coefficients. 


(39) 


It  should  be  noted  that  Ahrens  does  not  use  the  traditional  definition  of  the 
transmission  coefficient  involving  the  incident  wave  bei^t  at  the  toe  of  die 
structure.  A  transmission  coefficient,  which  is  the  ratio  of  the  transmitted 
hei^t  to  die  height  vdiich  would  be  measured  at  the  same  location  in  absence 
of  die  reef,  is  preferred  since  it  eliminates  loss  of  energy  due  to  wave 
breaking  which  would  have  occurred  if  the  structure  were  not  present  (Ahrens 
and  Cox  1990).  It  is  diis  type  of  coefficient  predicted  using  Ahrens’  equations 
which  may  cause  than  to  be  slightly  higher  than  traditional  coefficients. 


Van  der  Mea  (1991)  developed  a  new  formula  for  wave  transmission  at 
low-crested  structures.  After  re-analyzing  several  data  sets  involving 
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transmission  at  low-crested  breakw^os,  including  Ahrens  (1987)  and  recmit 
tests  by  Daemmi  (1991),  Van  da  Mea  assumed  diat  a  linear  relsttionship 
between  die  transmission  co^cient  IT,  and  the  rdative  crest  height  Rg/D^  is 
valid  between  minimum  and  maximum  values  of  AT^  Figure  54  shows  the 
basic  piq[)h  for  wave  transmission.  The  linearly  increasing  curves  are 
presented  by: 

Kf  ^  Q  Rg  /  D,fjo  +  b  (40) 


with: 


a  =  0.031  Hi  /  -  0.24  (41) 

Equation  41  is  applicable  to  both  conventional  and  reef  breakwatm.  The 
coefficimit  "b"  for  conventional  breakwaters  is  given  by: 

b  =  -5.42  +  0.0323  H/D^  -  0.0017  +  0.51  (42) 

and  for  reef  breakwaters  by: 

b  =  -2.6  -  0.05  Hi/D^  +  0.85  (43) 

Based  on  the  results  of  all  tests  analyzed  (Van  der  Meer  1991),  the 
following  minimum  and  maximum  K,  ^ues  were  derived.  The  minimum  and 
maximum  K,  values  for  conventional  breakwaters  are  0.075  and  0.75, 
respectively.  For  reef-type  breakwatm,  die  minimum  and  maximum  K, 
values  are  0.15  and  0.60,  respectively. 

The  validity  of  the  wave  transmission  formula  (Equation  40)  corresponds 
widi  die  ranges  of  wave  steqmess  and  rdative  wave  height  tested.  The 
formula  is  valid  for: 

Both  iqiper  boundaries  are  (diysicai  bounds.  Values  of  H^^  >  6  will 
cause  instability  of  the  structure  and  values  of  >  0.05  will  cause  wave 
breaking  on  steepness.  The  lower  boundaries  are  given  for  too  low  wave 
heights  rdative  to  rock  diameter  and  for  very  low  wave  steepnesses.  The 
formula  may  be  applicable  outside  the  range,  but  the  rdiability  is  low. 


Rofloction 

Lxiw-crested  rubble-mound  breakwaters,  because  of  their  high  porosity, 
rougih  texture,  and  low  profile,  typically  have  low  reflection  coefficients.  This 
is  an  advantage  because  it  reduces  die  potential  for  toe  scour,  navigation 
probions,  and  orosion  at  nearby  shorelines  caused  by  reflected  waves.  The 
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RELATIVE  CREST  HEIGHT  Rc/Dn50 


Rgure  54.  Basic  graph  for  wave  transmission  versus  relative  crest  height  (Van  der  Meer 
1991) 


two  most  important  variables  that  influence  wave  reflection  from  a  low-crested 
structure  are  die  relative  dqidi,  h/Lp,  and  the  relative  bei^t,  hg/h  (Ahrens  and 
Cox  1990).  Ahrens  (1987)  presents  a  formula  for  predictmg  die  reflection 
coefficient  for  a  reef  breakwater. 


where 

Cj  =  -6.774 

C2  =  -0.293 

Cj  =  -0.0860 

C4  =  +0.0833 

The  ACES  module  "Wave  Transmission  Through  Permeable  Structures" 
also  provides  a  method  of  det^mining  a  reflection  coefficient.  Other  factors 
being  equal,  reflection  coefficients  increase  widi  increasing  wavelength  and 
increasingly  steeper  slopes.  Reflection  coefficients  also  increase  with 
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increasing  relative  crest  height,  and  increasing  relive  freeboard, 
Rg/H^,  until  the  crest  height  reaves  the  uiq>er  limit  of  wave  runup. 


Ennrgy  dsnipation 

The  ability  of  low  and  submwged  rubble  structures  to  dissipate  wave 
mo’gy  has  long  bem  appreciated,  but  only  in  recent  years  has  it  been  possible 
to  tpiantify  this  prop^.  There  is  not  a  lot  of  specific  information  av^able 
on  die  wave  mergy  dissipating  charact^istics  of  rubble  structures,  even 
though  this  is  regarded  as  one  of  the  major  advantages  over  other  structure 
types  (Ahrens  and  Cox  1990).  The  primary  reason  for  this  is  that  energy 
dissipation  cannot  be  directly  measured,  but  must  be  inferred  from 
measurements  of  wave  transmission  and  wave  reflection.  The  basic 
conservation  of  energy  for  rubble  strucmres  can  be  written  as; 


^  +  diasipatimi  «  1.0 


(45) 


Ahrens  used  the  prediction  equations  for  transmission  and  reflection 
coefficients  in  die  energy  conservation  relation  given  by  Equation  45  to 
determine  energy  dissipation  characteristics  for  given  breal^ater 
configurations.  Figure  55  was  developed  by  Ahrens  (1987)  to  illustrate  the 
distribution  of  wave  energy  in  the  vicinity  of  a  reef  breakwater.  Generally, 
the  greatest  energy  dissipation  was  observed  for  short  pm-iod  waves  on 
structures  with  crest  heights  high  enough  to  be  non-overtopped.  The  lowest 
energy  dissipation  of  about  30  percent  occuaed  for  reefs  widi  a  relative  crest 
height  less  than  0.7  (h^  <  0.7).  For  submerged  reefe,  energy  dissipation 
increases  with  increasing  steepness  and  wife  increasing  relative  reef 

width  A,/hLp.  Structures  with  crests  near  the  still-water  level  will  dissipate 
between  35  and  70  percent  of  incident  wave  energy,  with  dissipation  being 
strongly  dqiendent  on  relative  reef  width.  For  structures  with  moderate  to 
heavy  overtopping  (0  <  R/H^  <  1.0),  energy  dissipation  is  strongly 
dependent  on  relative  reef  width,  but  not  on  wave  steepness. 


Detailing  Structure  Cross  Section 


Coastal  structures  must  be  designed  to  satisfy  a  number  of  sometimes 
conflicting  design  criteria,  including  structural  stability,  functional 
performance,  environmental  impact,  life-cycle  costs,  and  other  constraints 
which  add  challenge  to  the  designer’s  task  {Shore  Protection  Manual  1984). 
The  requirement  to  satisfy  a  number  of  different  design  criteria  often  results  in 
the  designer  performing  a  number  of  iterative  analyses  to  assure  that  the 
selected  cross-section  provides  the  desired  functional  performance  and 
structural  stability  at  the  least  cost  over  foe  design  life  of  foe  project. 
Optimization  of  rubble-mound  breakwaters  is  discussed  in  Chapter  5. 
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Figure  55.  Distribution  of  wave  energy  in  the  vicinity  of  a  reef  breakwater  (Ahrens  1987) 


A  conventional  rubble-mound  structure  is  normally  composed  of  a  bedding 
layer  and  a  core  of  quarrystone  covered  by  one  or  more  layers  of  larger  stone 
and  an  exterior  layer  of  large  quarrystone  or  concrete  armor  units.  Figure  46 
shows  a  typical  rubble-mound  section  for  high  wave  energy  environments 
where  moderate  overtopping  conditions  are  expected.  The  traditional  multi¬ 
layer  design  may  not  be  required  or  constructable  for  projects  located  in  lower 
wave  energy  environments  or  shallow  water.  Geometry  places  some  serious 
constraints  in  shallow  water,  where  it  is  difficult  to  include  all  theproper 
layers,  proper  thickness,  proper  stone  weight,  etc.  when  the  structure  is  only 
4  ft  high.  Reef  breakwaters  have  recently  become  more  widely  used  as  beach 
stabilization  structures.  This  type  of  breakwater  is  little  more  than  a 
homogeneous  pile  of  stones  placed  on  a  bedding  or  filter  layer.  Figures  56 
and  57  show  cross  sections  of  existing  reef  breakwater  projects. 

Developing  a  breakwater  cross  section  consists  of  determining  the  required 
crest  elevation,  crest  width,  structure  slope,  armor  requirements,  and  bedding 
layer  requirements  to  provide  the  desired  stability  and  functional  performance 
characteristics  under  anticipated  design  wave  and  water  level  conditions. 
General  design  guidance  used  to  develop  the  cross  section  of  a  conventional 
rubble-mound  breakwater  can  be  found  in  Chapter  7  of  the  Shore  Protection 
Manual  and  in  Chapter  4  of  EM  1 1 10-2-2904,  Design  of  Breakwaters  and 
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Figure  56.  Cross  section  of  reef  breakwater  at  Redington  Shores  at  Pinnelas  County, 
Florida  (Ahrens  and  Cox  1 990) 


Rgure  57.  Cross  section  of  reef  breakwater  at  Elk  Neck  State  Park,  Maryland  (Ahrens  and 
Cox  1990) 


Jetties.  The  design  and  construction  of  low-crested  breakwaters,  including 
reef  breakwaters,  uses  similar  procedures  to  those  specified  in  the  above 
manuals,  but  involves  diffo’ent  design  guidance  for  several  stq;>s  in  the 
procedure. 


Crest  height,  crest  width,  and  structure  slope 

Iterative  analyses  involving  the  assessment  of  a  range  of  crest  elevations, 
crest  widths,  and  structure  slopes  are  required  to  determine  the  influence  of 
each  on  both  stability  and  functional  performance  and  ultimatdy  develop  die 
optimum  cross  section.  The  crest  elevation  of  a  low-crested  breakwater  is  one 
of  the  most  critical  parameters  in  the  cross  sectional  design  due  to  the 
consido’abie  influence  of  crest  elevation  on  both  structural  stability  and 
functional  performance.  Small  changes  in  crest  elevation  can  result  in 
significant  dianges  in  stability  and  wave  transmission  charactnistics.  The 
crest  width  and  structure  slope  also  influence  stability  and  performance  of  the 
structure;  however,  less  dramatically  than  crest  elevation.  Therefore,  these 
parametns  often  follow  guidance  and  ranges  used  for  conventional  structures. 
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Shore  Protection  Manual  guidance  suggests  a  minimum  crest  width  equal 
to  the  combined  widths  of  three  armor  units.  Structure  slopes  normally  range 
from  1V:1.SH  to  1V:3H.  Selection  of  crest  elevation  can  be  performed  using 
guidance  previously  discussed  in  the  "Structural  Stability"  and  "Performance 
Characteristics"  sections.  The  influence  of  crest  devation  on  stability  of  low- 
crested  breakwaters  can  be  estimated  using  Figure  49  for  statically  s^le  low- 
crested  breakwaters  and  Equations  32  aiKi  33  for  reef  breakwaters.  A  series 
of  design  curves  for  reef  breakwaters  similar  to  Figures  51  and  52  can  be 
develq;ied  to  aid  in  converging  on  the  optimum  design.  The  stability  analysis 
will  yield  a  relationship  between  crest  elevation  and  armor  unit  requirraients. 
The  pwformance  characteristics  for  each  cross  section  can  be  computed  using 
methods  previously  discussed.  Overall  analysis  of  each  cross  section’s 
stability,  performance  characteristics,  and  costs  will  result  in  sdection  of  the 
optimum  cross  section. 


Armor  gradation 

Generally,  reef  breakwaters  have  been  designed  using  stone  gradations 
wider  than  ordinarily  used  for  armor  in  conventional,  multUayered 
breakwaters,  as  discussed  in  the  Shore  Protection  Manual  (1984).  The 
advantages  of  a  wide  gradation  is  that  it  uses  a  larger  portion  of  the  stone 
produced  by  a  quarry  and  therefore  may  be  more  economical.  A  wido* 
gradation  also  makes  it  easier  to  satisfy  the  filtor  criteria  that  will  be  discussed 
in  the  following  section.  Gradation  is  easily  represented  in  t«ms  of  median 
weight  of  armor  stone  W^q  determined  from  st^ility  analyses  discussed 
previously.  W^q  is  used  to  normalize  the  other  po’centile  weight  stones,  i.e.. 


*  wr 

^50 


(46) 


who’e  X  indicates  foe  percentile  of  armor  stone  less  than  foe  given  weight. 

For  example,  Wjj'  represents  foe  ratio  of  Wjj  to  where  Wj^  is  foe  stone 
size  exce^ing  oidy  IS  percent  of  all  stones  in  foe  gradation. 

Extrasive  studies  of  breakwater  and  riprap  stability  conducted  in  The 
Netherlands  have  produced  two  well-defined  stone  gradations  (Van  der  Meer 
and  Pilarczyk  1987),  which  are  referred  to  as  foe  Dutch  wide  and  foe  Dutch 
narrow  gradations.  The  wide  gradation  is  defined  by: 

=  [exp(0.01157x  -  0.5785)f  (47) 

and  foe  Dutch  narrow  gradation  is  defined  by: 

=  [exp(0.003192x  -  O.I597)f  (48) 

where  x  is  ^ered  as  a  percent  to  solve  for  various  values  of  W^.  The  two 
Dutch  gradations  along  with  foe  gradation  specified  in  foe  SPM  (Ahrens  1975) 
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are  presented  in  Figure  58.  The  Dutdi  wide  gradation  is  similar  to  well- 
graded  riprap  and  the  Dutch  narrow  gradation  is  similar  to  very  uniform 
^larry^one.  The  two  Dutch  gradations  can  be  used  to  provide  upper  and 
lower  bounds  for  stone  gradations  used  in  low-crested  breakwater  design. 


BnddIngAfBtar  layer  eonaiderationa 

Usually  reef  breakwaters  are  built  on  a  bedding/filter  layer.  The  bedding 
layer  is  designed  to  prevent  excessive  settlement  of  the  structure  due  to  armor 
stone  sinking  into  die  underlying  sediment.  The  ratio  of  median  armor  stone 
size  D^A)  to  die  median  b^ii^  stone  size  D^glB)  provides  a  logical  way  to 
charactmze  the  bedding  size.  Two  methods  are  available  to  select  the  size  of 
required  bedding  stone.  Dutch  guidance  for  revetment  filter  layers  suggests 
that  be  iqiproximatdy  4.5  or  less  (Van  der  Meer  and  Pilarczyk 

1987).  Ahrens  (1975)  suggests  diat  Djj(A)/Dgj(B)  should  not  be  greatn  dian 
4.0  to  ensure  diat  die  underlayer  is  not  pulled  out  dirouj^  the  armor  layer  by 
wave  action.  Considering  gr^atkms  u^  by  Ahrens,  a  safe  rdlation  for 
median  stone  dimensions  would  be  D^A)/D^j[B)  less  dian  6.8  (Ahrras  and 
Cox  1990). 

In  low  rubble-mound  structures  without  a  core,  die  bedding  layer  is  oftm 
extended  across  die  entire  widdi  of  the  structure  md  beyond  die  toe  of  die 
armor  stone  as  shown  in  Figure  56.  The  bedding  stone  will  often  be  subject 
to  direct  wave  attack  during  low  wat»  levdls.  Bedding  stones  at  die  toe  of  die 
structure  may  not  provide  the  desired  stability  or  toe  protection,  resulting  in 
additional  stones  required  along  the  toe  as  shown  in  Figure  55.  Stability 
against  wave  attack  of  exposed  bedding  stone  is  discussed  in  EM  1 1 10-2-2904 
and  detailed  guidance  on  toe  protection  can  be  found  in  the  Shore  Protection 
Manual  (1984). 

Geotextiles  can  be  used  beneath  the  bedding  layer  to  inqirove  foundation 
conditions  or  prevent  the  loss  of  sediment  dirough  the  bedding  layer  if  fUta* 
criteria  betwem  the  beddmg  layer  and  underlying  soil  are  not  met.  Filto’ 
criteria  should  be  met  between  both  die  geotextile  and  beddmg  layer  and  die 
geotextile  and  underlying  soil.  Geotextiles  are  discussed  in  die  Shore 
Protection  Manual  and  by  Moflatt  and  Nicbol,  Engineers  (1983)  and  Eckert 
and  CaUmder  (1984),  who  pres«it  detailed  requirem^  for  using  geotextile 
filters  beneath  quarrystone  armor  in  coastal  structures. 


Other  Construction  Types 


Most  U.S.  and  foreign  nearshore  breakwaters  built  for  shore  protection 
have  been  rubble-mound  structures.  Rubble-mound  construction  of  nearshore 
breakwatm  is  advantageous  because  of  the  ability  for  rubble  mounds  to 
dissipate  wave  mergy  effectively  and  provide  low  reflection  coefficient.  An 
extrasive  amount  of  research  has  been  conducted  for  rubble-mound  structures, 
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PERCENT  LESS  THAN  BY  WEIGHT 


Rgurji  58.  Armor-Stone  characteristics  of  Dutch  wide  gradation,  Dutch  narrow  gradation, 
and  Ahrens  (1975)  SPM  gradation 

which  provides  die  designer  with  confidence  in  determining  the  structural 
stability  and  resulting  performance  characteristics  of  a  given  structure. 

Tho’e  are  numerous  proprietary  beach  erosion  control  or  stabilization 
systems  that  function  similarly  to  breakwaters,  but  are  of  unique  geometry  or 
construction.  Most  of  these  systems  are  precast  concrete  units,  concrete 
blocks,  or  flexible  structures  such  as  large  sand-filled  bags  placed  in  various 
configurations  nearshore  or  in  shallow  water.  Most  have  undergone  limited 
laboratory  testing  and  many  have  never  been  field  tested.  Genially,  these 
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alternative  products  are  designed  to  ftmctioa  similar  to  a  breakwater.  Some 
have  had  limited  success,  and  some  have  not.  Some  may  be  applicable  in  one 
region  and  are  not  valid  in  anodic  r^ion.  However,  prt^nems  of  various 
alternative  schemes  can  make  unsubstantiated  claims  of  product  success.  An 
engineering  assessment  of  the  product  relative  to  a  ^lecific  site  is  critical  prior 
to  its  purduse  and  use. 

Some  of  the  structures  were  evaluated  under  the  Shordine  Erosion  Control 
Demonstration  Act,  and  dieir  performance  has  been  summarized  by  the  Chief 
of  Engineers  in  his  report  to  Congress  (Dunham  1982).  All  fidd  tests 
conducted  under  diis  program  were  in  ^dtered  waters  and  not  on  the  mcposed 
ocean  coast.  Experience  widi  beach  stabilization  systems  on  the  open  coast  is 
limited,  with  many  cases  being  sdectivdy  reported  according  to  their  limited 
success. 

Evduatkms  of  alternative  beadi  stabilization  structures  should  be  based  on 
dieir  functiond  performance,  economics  rdative  to  traditional  types  of 
breakwater  construction,  aesthetics,  and  ability  to  be  removed  or  modified  if 
they  do  not  function  as  expected  or  become  aesthedcdly  unacceptable  (EM 
1 1 10-2-1617).  The  economics  and  aesdietics  of  dtemative  systmns  often 
make  such  systems  fovorable;  however,  the  lack  of  laboratory  or  prototype 
experience  widi  many  dtemative  structures  means  limited  data  are  avail^le  to 
hdp  determine  the  structure’s  stability  and  p^formance  charact^tics  under 
given  design  conditions. 

Stability  of  dtemative  stractures  is  typicdly  not  as  great  a  concern  as  the 
performance  characteristics  provided  by  die  stracture.  Such  stroctures  are 
normdly  placed  in  low  to  moderate  wave  eoergy  environmmts  where  wave 
loadings  are  not  v^  severe  and  stractures  can  often  be  overdesigned  to 
provide  greater  stability  for  a  relativdy  low  mcrease  in  cost.  However,  the 
uncertainty  of  performance  diaracteristics  and  dieir  resulting  effect  on  die 
expected  shoreline  planform  is  criticd  when  evduatiog  dtemative  stractures. 
Wave  transmission  characteristics  for  any  stracture  are  criticd  in  determining 
resulting  shoreline  configuration  as  discussed  in  Chapter  2.  Reflection 
characteristics  must  be  considered  for  potentid  scour  and  navigation  problems. 
Hi^y  reflective  near-verticd-faced  stractures  such  as  sheet-pUe  bredrwaters 
should  be  avoided,  since  extensive  toe  protection  will  be  required  to  avoid 
scour.  Also,  sudi  stractures  pose  threats  to  navigation  and  nearby  shordines 
due  to  increased  wave  activity. 

Conservation  of  energy  principles  can  be  applied  to  initidly  evduate  die 
suitability  of  any  stracture  in  terms  of  fonaiond  performance.  The  basic 
principle  states  that  dl  incident  wave  energy  can  be  accounted  for  by  die 
summation  of  energy  transmitted,  reflected,  and  dissipated  within  die 
structure.  For  example,  a  high  non-overtopped  steel  sheet-pile  wdl  can 
prevent  the  majority  of  incident  wave  energy  from  being  transmitted.  Since 
eoergy  dissipation  of  the  stracture  is  expected  to  be  minimd,  die  majority  of 
incidait  enwgy  will  be  reflected  and  may  potmtidly  cause  scour.  If  the 
objective  is  to  provide  low  wave  energy  transmission  and  minimd  reflective 
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conditions  that  will  not  interfere  with  navigation,  then  the  sdected  structure 
will  be  required  to  dissipate  substantial  energy  on  or  widiin  die  structure  as  do 
low-crested  permeable  rubble-mound  structures.  Such  considerations  can  aid 
initial  evsduation  of  alternative  structures,  but  physical  modd  studies  may 
required  for  large-scale  projects  or  to  determine  die  performance 
characteristics  of  a  given  structure  cross  section  under  selected  design  wave 
and  watw  level  conditions. 
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5  Other  Design  Issues 


Environmental  Concerns 


Coastal  projects  may  boiefit  one  or  more  components  of  die  ecological 
system  while  adversely  impacting  others.  As  in  most  projects,  an  evaluation 
of  the  environmental  impact  of  a  project  mu^  be  conduct^.  From  prototype 
experience,  detached  breakwaters  are  generally  known  to  have  minimal 
impacts  on  the  environment,  althou^  eadi  proposed  breakwater  site  is  unique 
and  must  be  examined  rdative  to  potential  n^ative  inqiacts  to  the  ecological 
system.  An  exanqile  ecological  a^ysis  and  Environmental  Impact  Statement 
can  be  found  in  USAED,  Buffalo  (1980). 

Watsr  quality  and  aquatic  habitat  concerns 

Potential  water  quality  degradation  due  to  reduced  circulation  has  been  an 
environmental  conc^  associated  witii  detached  breakwater  projects,  and  has 
been  a  notable  problrai  in  some  foreign  projects.  Some  water  quality 
problems  may  occur  during  construction  due  to  increased  turbidity  a^  the 
presmce  of  construction  equipmoit;  howevn-,  tiiese  effects  gener^ly  do  not 
pose  significant  risk  to  most  biological  resources  in  naturally  turbid  estuarine 
or  coastal  waters.  If  breakwater  construction  occurs  in  a  clear  water 
environment  such  as  in  the  vicinity  of  coral  reefs  or  seagrass  beds,  precautions 
should  be  taken  to  minimize  the  amount  of  suspended  sediments  (EM  1 1 10-2- 
1204).  Long-term  effects  of  the  structure  may  involve  indirect  impacts  on 
water  quality  due  to  changes  in  the  hydrodynamic  r^ime.  If  proper  wato' 
exdiange  does  not  occur  over,  through,  or  around  foe  structures,  water  can  be 
trqqted  in  foe  lee  and  become  stagnant  and  polluted.  Water  quality  should 
especially  be  a  concern  in  areas  wifo  poor  pre-project  water  quality  or  limited 
water  level  fluctuations.  Increased  wave  transmission  and/or  wave 
overtopping,  and  more  numerous  gaps  wifo  increased  widths  can  improve 
water  circulation  and  avot  wato*  qu^ity  problems. 

Over  foe  long  term,  some  aquatic  habitat  will  be  lost  due  to  breakwater 
construction,  but  rock  structures  are  known  to  increase  foe  habitat  for  some 
marine  species  and  may  actually  provide  greater  diversity  and  productivity 
than  pre-project  conditions.  The  trade-off  associated  wifo  replacing  soft 
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bottom  habitat  with  hard  or  rubble-mound  txmorn  habitat  has  generally  been 
vimved  as  a  b^ieficial  impact.  Structural  design  should  seek  to  optimize  die 
yield  of  suitable  habittd  for  biological  resources.  An  investigation  of 
environmental  impacts  should  also  consider  that  some  marine  species  may  be 
affected  as  a  result  of  dredging  and  beach  nourishment  activities.  Detailed 
information  on  concerns  relative  to  the  mvironmental  effects  of  dredging  and 
material  placement  can  be  found  in  EM  1110-2-5026.  Additional  information 
on  water  quality  considerations  can  be  found  in  EM  1 1 10-2-1204. 


Terrestrial  resources 

Terrestrial  resources  include  both  cultural  resources  and  natural  resources 
and  wildlife.  An  archeological  investigation  ^ould  be  conducted  if  the 
proposed  project  is  near  a  historical  site,  such  as  a  lighthouse,  udiich  should 
be  protect^.  Impacts  may  occur  to  wildlife  populations  and  dieir  habitat 
during  breakwater  construction.  Although  these  effects  will  most  likely  be 
toiqwrary,  project  activities  should  be  scheduled  so  as  to  minimize 
disturbances  to  die  wildlife.  As  with  aquatic  habitats,  the  placement  of  beach 
fill  must  be  investigated  for  effects  on  natural  resources  and  wildlife. 


Rocraation 

The  impacts  of  a  breakwater  project  on  recreation  depend  on  typical  use  of 
the  project  area.  Breakwaters  reduce  wave  energy  and  cause  a  widening  of 
the  beach,  which  is  b«ieficial  for  swimming,  diving,  and  other  recreational 
beach  use  activities.  Breakwatm  do,  howevn^,  reduce  opportunities  for  body 
or  board  surfing,  which  may  receive  some  local  opposition.  Increasing  gap 
widdis  may  provide  additional  area  for  surfing  activities.  Detadied 
breakwaters  can  provide  a  hazard  to  beach  users  who  may  climb  on  the 
structures  or  swim  too  close  to  them.  Tombolo  formation  will  invite  such 
activities  since  access  to  the  structure  is  rdativdy  easy.  If  navigation  and 
wato*  access  through  the  project  area  is  a  requirement,  gtqis  must  be  included 
in  the  design.  Breakwaters,  especially  low-crested  structures,  should  be 
marked  with  navigation  aids  if  they  pose  potential  hazards  to  navigation. 


Aeathetica 

If  die  breakwater  project  is  located  in  a  recreational  area,  local  complaints 
of  undesirable  aesthetics  may  occur  and  may  need  to  be  considered  as  part  of 
the  design.  Low-crested  breakwaters  allow  more  visibility  of  the  wato*  and 
may  be  an  alternative,  although  wave  overtopping  of  die  structure  will  be 
increased.  Increased  overtopping  can  be  compensated  for  by  decreasing 
structural  permeability,  increasing  structure  length,  and/or  reducing  giqi 
width. 
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EttatalshnMilt  of  wtilandt 


The  use  of  detached  breakwaters  to  create  and/or  stabilize  wetlands  has 
been  discussed  previously  in  diis  report.  This  is  a  rel^ely  new  concept, 
whidi  has  only  limited  prototype  applications  thus  ht.  Bivironmental 
concerns  in  wetland  areas  encon^iass  a  wide  range  of  issues  rdative  to  the 
specific  site.  Proper  stabUization  techniques  oust  be  implemented  for  nuush 
grass  plantings  ndien  wetland  development  is  the  objective.  Detailed 
informafion  on  environmental  issues  and  wetland  develq[>meot  can  be  found  in 
EM  1110-2<S026;  EM  1110-2-1204;  Landin.  Webb,  and  Knutson  (1989);  and 
Knutson.  Allen,  and  Webb  (1990). 


Environmontal  datai  and  project  monitoring 


Each  project  is  site-specific  and  environmental  investigations  should  be 
designed  to  meet  the  requirements  of  foe  project  area.  Baseline  environmental 
data  should  be  collected  for  a.significant  time  pwiod  to  idmitify  potential 
inqNKts  that  must  be  considered  during  project  design.  The  baseline  study 
should  idefoify  plaid  and  wildlife  species  indigenous  to  foe  project  area, 
determine  the  existence  and  location  of  midangered  ^lecies,  and  identify  any 
other  potentially  detrimmital  environmental  impacts.  A  post-construction 
monitoring  program,  including  water  quality  monitoring,  should  be  considered 
to  evaluate  and  document  foe  project’s  influence  on  foe  environment. 
Additional  guidance  can  be  found  in  EM  1110-2-1204. 


Importance  of  Beach  Fill  in  Project  Design 


Detached  breakwaters  function  by  redistributmg  available  sand  from  foe 
littoral  oivironmait;  they  do  not  provide  or  create  foe  sediment  necessary  to 
maintain  a  wide  protective  beach.  Consequ^itly,  unless  additional  sand  is 
brought  into  foe  system,  accretion  which  occurs  in  foe  breakwater’s  lee  will 
generally  be  balanced  by  mosion  in  adjacem  areas.  It  is  strongly 
recommended  that  beach  fill  be  included  as  an  element  of  all  breakwatw 
projects  to  provide  an  additional  source  of  sedimem  for  planform  development 
and  mitigate  downdrift  effects.  Beach  fill  is  especially  important  in  sediment- 
starved  areas  i^ere  material  may  iK>t  be  available  to  adetpiately  form  a  beach 
planform.  In  foese  areas,  beach  response  may  be  only  limited  (such  as  in  East 
Harbor  State  Park,  Ohio;  Figure  10)  or  salients  may  develop  very  slowly. 
Depoiding  on  foe  economics  of  a  specific  project,  a  beach  fill  combined  with 
a  breakwater  may  be  foe  most  cost-effective  solution  to  a  shoreline 
stabilization  problem. 


104 


Chapter  5  Other  Design  Icsuee 


Optimization  of  Design  and  Costs 


One  of  die  reasons  that  detached  breakwaters  have  seen  limited  use  in  the 
United  States  is  their  relatively  high  cost  of  construction.  Federal  public 
works  agencies  in  the  United  States  have  the  constraint  for  project 
audiorization  that  the  benefits  realized  by  a  proposed  plan  must  exceed  all  life- 
cycle  costs  (Smith  1986).  This  has  been  furdier  defined  to  apply  to 
incremental  benefits  and  costs  of  each  major  con^xment  of  a  proposed  project; 
therefore,  it  is  critical  that  a  breakwater  be  designed  to  provide  the  optimum 
ratio  between  incremental  benefits  and  life-cycle  costs.  Benefits  achieved 
through  a  public  works  project  are  the  sum  of  the  incremental  decrease  in  that 
level  of  costs  direcdy  attributable  to  the  project’s  functional  performance.  For 
federal  participation  in  a  project  to  be  possible,  maximum  net  benefits  must 
exceed  the  project  costs.  Figure  59  shows  this  benefit-cost  comparison. 
Generally,  the  design  level  associated  with  the  maximum  net  benefits  is 
selected  for  project  design. 


Rgure  59.  Benefits  and  cost  versus  design  level  (from  EM  1 110-2-2904) 

Smith  (1986)  presents  guidance  on  the  optimization  of  rubble-mound 
breakwaters  and  provides  a  st^-by-step  procedure  to  identify  an  optimum 
breakwater  cross  section  in  terms  of  two  criteria:  structural  integrity  and 
functional  performance.  Functional  performance  is  described  as  the 
structure’s  effectiveness  as  a  wave  barrier,  and  for  d^ched  breakwaters,  the 
ability  to  develop  and  maintain  the  desired  beach  planform.  Structural 
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int^ity  is  defined  as  the  structure’s  id>iltty  to  survive  an  extreme  storm 
without  sidMtamial  damage  and  the  rate  it  sustains  damage  ftom  storms  more 
extreme  than  the  design  event.  Additional  guidance  on  design  optlmiz^n  is 
provided  in  EM  1110-2-2904. 

Since  a  project  constructed  by  die  USAGE  can  no  longer  be  justified  based 
on  recreational  benefits  alone,  the  benefit-cost  ratio  for  a  breakwater  project 
has  become  even  more  difficult  to  defoid.  However,  with  increased  use  of 
beach  nourishmoit  as  a  method  of  shoreline  erosion  control,  use  of  shoreliiM 
stabilization  structures  such  as  detached  breakwaters  can  be  justified  to  protect 
and  retain  die  fill.  Detached  breakwaters  can  sidistantially  increase  die 
amount  of  time  for  which  beach  nourishment  remains  on  the  beach.  |f  the 
savings  realized  by  reducing  the  time  required  between  renourishmmits 
exceeds  the  cost  of  the  structures,  their  construction  can  be  justified  and  the 
beach  fill  design  optimized.  For  example,  if  the  renourishment  period  of  a 
beach  fill  project  is  increased  from  3  to  6  years,  the  amortized  savings 
accruing  fiom  less  frequent  nourishm^  is  then  available  to  build  stabilization 
structures  (EM  1 1 10-2-1617).  During  the  plan  formulation  stage  of  a  beach 
fill  project,  alternative  plans  should  be  evaluated  to  determine  if  the  use  of 
breakwaters  and  die  reduction  of  nourishment  requiremmits  is  more  cost- 
effective  than  the  beadi  fill  project  without  structures. 

With  new  emphasis  on  weUands  and  environmmital  concerns  in  the 
USAGE,  the  creation  and  restoration  of  wedand  areas  can  also  justify  the  use 
of  detached  breakwaters.  Although  limited  prototype  applications  exist  at  this 
time,  ongoing  research  is  being  conducted  at  WES  to  fiiidier  develop  this 
concept.  The  use  of  relatively  inexpensive  low-crested  breakwaters  iqipears  to 
be  a  viable  method  to  protect  and  stabilize  a  wedand  area.  This  application 
may  also  be  justified  on  the  basis  of  beneficial  uses  of  dredged  material 
rdated  to  a  dredging  operation.  Dredged  material  can  be  placed  behind  a 
breakwater  and  planted  with  marsh  grass  to  establish  wedand  areas,  creating 
project  benefits.  The  cost  of  this  type  of  nearshore  placement  may  be 
considerably  less  than  othw  dredg^  material  disposal  options,  which  will  also 
increase  the  benefit-cost  ratio. 

Seva^al  structural  design  alternatives  are  avail^le  to  optimize  the  cross 
section,  and,  subsequendy,  the  costs  of  a  breakwater  project.  Smith  (1986) 
presents  some  of  the  structural  param^ers  which  should  be  considered  whmi 
determining  the  structural  design  of  the  breakwater.  Dq>ending  on  the  lengdi 
of  shoreline  to  be  protected,  construction  of  multiple  segments  reduces 
construction  costs  since  less  material  is  required  than  for  a  single  continuous 
breakwater.  Low-crested  reef-type  breakwatm  can  also  be  more  cost- 
effective  since  less  material  is  required  to  develop  the  crest  elevation. 
Additionally,  low-crested  and  reef-type  breakwaters  use  a  homograeous  stone 
size  instead  of  the  traditional  multilayer  construction,  and  th^efore  require 
less  accuracy  in  stone  placement  during  construction. 
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TypM  of  constniction 

Comtnictibility  of  a  breakwater  project  can  play  a  major  role  in  tfie  overall 
feasibility  of  the  project,  and  design  should  thonmghly  consider  the  methods, 
means,  and  mttedals  of  construction  at  a  specific  site.  Construction  costs  for 
breakwaters  depend  on  a  munber  of  factors  including  access  to  the 
construction  site,  water  depth  at  die  structure  location,  design  crest  height, 
width  of  the  breakwater,  side  slopes,  and  foundation  preparation  (Fulford 
1985). 

Typically,  large-scale  detached  breakwatw  projects,  sudi  as  the  SS 
summits  recently  constructed  at  Presque  Isle,  require  water-based 
construction  using  floating  equipment  such  as  a  barge  and  barge-mounted 
crane  (Figure  60).  Construction  limitations  may  determine  the  distance 
offshore  where  foe  breakwaters  will  be  located.  Dally  and  Pope  (1986) 
describe  a  ”zone"  where  construction  may  be  impractical  widi^  highly 
specialized  equipment.  The  landward  boundary  of  foe  zone  is  foe  maximum 
depth  at  which  land-based  equipment  can  operate  (they  suggest  1  to  l.S  m), 
and  foe  seaward  boundary  is  defined  by  foe  draft  of  floating  construction 
vessds  (they  suggest  2  to  3  m),  alfoough  wave  climate  and  tidal  range  can 
affect  foe  limits  of  this  zone.  More  information  on  construction  considerations 
can  be  found  in  Maquet  (1984),  Bruun  (1985),  and  EM  1 1 10-2-2904. 


Figure  60.  Breakwater  22  under  construction  at  Presque  isle,  Pennsylvania 
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Smaller  breakwatm,  such  as  low-crested  structures  with  relatively  small 
stone  weights,  can  be  constructed  through  the  use  of  land-based  equipm^ 
and  tedmiques.  This  is  graerally  accomplished  by  placing  fill  mata’ial  to 
create  a  sawl  access  road  out  to  the  construction  area,  trucking  in  armor 
stone,  and  placing  stone  with  machinery  such  as  a  backhoe  to  construct  the 
breakwaters  (Figure  61).  After  breakwater  completion,  the  access  roads 
should  be  removed  and  the  fill  material  redistributed  within  the  project  area, 
to  prevent  tombolo  effects.  For  some  areas,  sudi  as  the  Chesapeake  Bay 
r^ion,  land-based  operations  can  be  substantially  more  cost-efficient  for 
breakwater  construction  (Coleman  1992). 

As  a  general  rule,  construction  of  a  s^mented  project  should  b^in  with 
the  fsrfiiest  downdrift  breakwato'  and  proceed  updrift.  This  will  promote  a 
more  uniform  accretion  of  the  shoreline  and  reduce  construction-induced 
erosion.  However,  other  construction  schunes  may  prove  more  efficient 
depending  on  die  site  and  dredging  op^ations.  At  Presque  Isle,  PA, 
Breakwaters  17  to  19  were  construct^  first  to  provide  a  sheltered  area  for  the 
contractor,  thus  reducing  equipment  travd  distance  (Mohr  and  Ippolito  1991). 


Figure  61 .  Land-based  construction  at  Eastern  Neck,  Chesapeake  Bay, 
Maryland 


Construction  records 

Daily  logs  of  construction  activities  should  be  maintained  by  a  Corps  of 
Engineers  inspector,  e^iiecially  denoting  any  problems  or  unique  construction 
techniques  ^countered  during  construction.  A  photographic  history  of 
construction  should  be  documented  and  as-built  construction  records 
devdqied. 


108 


Chapter  S  Other  Oaeign  Issuea 


Inspections 


Following  constniction,  periodic  inspections  of  the  project  should  be 
conducted.  Inspections  should  focus  on  structural  deterioration  that  affects  the 
functionality  of  the  breakwater.  Repairs  should  be  nuule  in  a  timely  manner 
to  prevent  further  unravelling  of  the  structure.  Inspections  should  ^so 
identify  potentially  hazardous  conditions  to  public  safety  that  may  have 
develop^  as  a  result  of  die  structure. 


Operations  and  maintenance  manual  for  local  sponsors 

EM  1110-2-1617  provides  a  description  of  the  requir^ents  and  guidance 
for  post-construction  activities  for  a  shore  proteaion  project.  Specific 
performance  requirements  and  guidance  for  accomplishing  the  satisfactory 
maintenance  and  operation  of  shore  protection  works,  including  coastal 
structures  and  bea(±  fill  projects,  are  provided  in  Engineer  Regulation  1 1 10-2- 
2902.  This  regulation  prescribes  operations,  maintenance,  inspection,  and 
record-keqiing  procedures  required  to  obtain  the  intended  purposes  of  shore 
protection  projects. 


Post-Construction  Monitoring 


A  post-construction  monitoring  program  to  evaluate  the  functional  and 
structural  performance  of  a  detached  breakwater  project  is  recommended  and 
described  in  EM  1 1 10-2-1617.  Project  monitoring  will  assist  in  both  the 
specific  project’s  performance  and  with  developing  guidance  and  methodology 
for  future  projects.  A  monitoring  program  will  allow  the  identification  of 
specific  deficiencies  in  the  performance  of  a  project  for  which  modifications 
may  be  made  to  better  meet  the  project’s  objectives,  and  establish  if  a  given 
structure  has  sustained  damage  that  may  affect  its  functional  capacity.  The 
coastal  zone  is  a  complex  area;  frequent  storms  can  occur  and  coasud 
processes  can  fluctuate  over  time.  From  the  research  standpoint,  monitoring 
of  prototype  projects,  whether  successful  or  not,  will  provide  the  data 
despwatdy  needed  to  improve  design  guidance. 

A  monitoring  program  should  be  designed  based  on  the  site-specific 
project.  The  program  must  consider  not  only  data  collection,  but  analysis 
mefoods  and  associated  costs  once  the  data  are  obtained.  There  are  several 
types  of  basic  data  that  are  often  included  in  a  monitoring  program  (EM  1 1 10- 
2-1617). 
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PtwtograpMc  documentation 


Photography  can  provide  both  qualitative  and  quamitative  information  on  a 
breakwater’s  performance.  Controlled,  vMtical  aerial  photography  can 
provide  quantitative  data  on  ground  elevation,  shoreline  and  bera  location, 
ofl^ore  shoals,  structure  geometry,  structural  deterioration,  and  be»di  use 
dianges.  Typical  aerial  photognq)hs  for  coastal  project  monitoring  are  tak^ 
at  a  scale  of  1:4800  (1  in.  =«  400  ft),  with  a  60-percent  overly)  for 
stereographic  analysis.  Largo*  scale  photography  is  usually  u^  to  examine 
changes  in  the  elevation  of  structural  components,  sudi  as  armor  units, 
between  successive  flints.  For  structural  monitoring,  it  is  inqwrtant  to  obtain 
photography  immediately  after  construction  in  ordo  to  provide  a  base 
condition  for  comparison.  The  frequency  of  aerial  flights  depends  on  die 
objectives  of  the  monitoring  program.  Detailed  project  monitoring  may 
require  quarterly  flights,  whereas  routine  inspections  may  only  need  annual 
photography.  A  more  inexpensive,  but  stricdy  qualitative  method  is  to  obtain 
po'iodic  ground-level  photography  to  document  changes  over  tinm  in  a 
particular  location. 


Beach  profiles  and  bathymetric  data 

Periodic  beadi  profiles  can  be  used  to  document  the  accretion,  erosion,  or 
stability  of  the  project’s  shoreline.  Beach  profile  data  can  assist  with  both 
routine  evaluation  of  the  project  and  documentation  of  storm  damages  or 
damages  prevented  as  a  result  of  the  projea.  As  with  photogr^hy,  the 
frequency  of  profiles  depends  on  the  objedives  of  the  monitoring  program. 
Beach  changes  can  occur  rapidly  after  initial  construction  and  may  be  required 
more  frequentiy.  It  is  recommended  that  at  least  quarterly  profiles  be 
conduded  to  document  beach  planform  development  prior  to  reaching 
equilibrium.  If  bathymetric  changes  due  to  projed  construdion  or  seasonal 
offshore  profile  changes  are  required,  profile  lines  will  have  to  extend 
offshore  beyond  wading  depth.  Subaqueous  surveys  can  significantly  increase 
the  cost  of  the  monitoring.  Additionally,  it  is  important  to  ensure  that  for 
each  profile  line,  the  beach  and  bdhymetric  data  meet  and  are  not  vertically 
offset;  otherwise,  significant  error  can  be  introduced  into  the  analysis. 

Spacing  of  the  beach  profile  lines  also  d^ends  on  the  monitoring 
objedives.  General  shoreline  trends  can  be  documented  with  distantly  spaced 
profiles,  whereas  volumetric  analysis  of  erosion  and/or  accrdion  requires 
more  closely  spaced  lines.  EM  1 1 10-2-1617  recommends  at  least  three  profile 
lines  in  the  lee  of  a  detached  breakwater  depending  on  the  structure’s  length, 
distance  offshore,  and  other  paramders  (Figure  62). 
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Wave  condMona 


Waves  and  loagslM>re  currents  are  the  driving  forces  bdiind  beadi 
planform  developmoit.  Some  detailed  research  monitfffing  programs  may 
want  to  examine  the  cause>and-^ect  rdationships  between  waves,  sedimem 
transport,  and  a  project’s  fonctional  performance.  Data  can  be  obtained  at  the 
site  using  a  wave  gauge  system  designed  to  meet  the  specific  objectives  of  the 
study.  Generally,  wave  direction  is  in^)ortant  when  examining  fonctional 
performance  of  a  project. 

Wave  data  are  sometimes  collected  to  evaluate  the  structural  performance 
of  a  rubble-mound  breakwater.  Largo'  wave  heights  associated  with  storms 
are  of  primary  interest;  wave  direction  is  usually  of  secondary  importance. 
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6  Summary  and  Conclusions 


Report  Summary 

From  prototype  experiences,  detached  breakwaters  have  proven  to  be  a 
viable  m^od  of  shordine  stabilization  in  die  United  States.  Breakwaters  can 
be  designed  to  retard  oxision  of  an  existing  beach,  promote  sedimentation  at 
the  lee  of  die  structure  to  form  a  new  beadi,  retain  placed  beach  fill  material 
and  reduce  renourishment  intervals,  and/or  maintain  a  wide  beach  for  damage 
reduction  and  recreation.  Low-crested  breakwaters  can  also  be  combined  with 
dredge  material  disposal  and  marsh  grass  plantings  to  establish  wedands  and 
control  erosion  along  estuarine  shorelines.  Most  recent  prototype  ^iplications 
of  detached  breakwatoa  have  been  along  sedimmit-starved  shorelines  with  low 
to  moderate  wave  energy  sudi  as  in  the  Chesapeake  Bay,  Great  Lakes,  and 
some  areas  of  the  Gulf  Coast. 

This  report  summarizes  and  presents  design  knowledge  for  both  the 
functional  and  structural  design  of  detached  breakwatm  for  shoreline 
stabilization.  Functional  design  of  breakwatm  in  the  United  States  rdies  on  a 
significant  amount  of  engineering  judgemmit,  data  from  a  few  existing 
breakwater  projects  for  comparison,  and  an  uiderstanding  of  basic  coastal 
processes.  The  design  process  is  an  iterative  one.  Design  guidance  used  to 
predict  beadi  response  to  breakwaters  is  also  presented  in  Daily  and  Pope 
(1986),  Pope  and  Dean  (1986),  Rosati  (1990),  and  Engmeer  Manual  1110-2- 
1617.  Guidance  on  the  use  of  low-crested  rubble-mound  breakwaters  for 
wetland  developmrat  purposes  is  limited,  and  has  been  mostly  based  on 
experience  from  a  few  prototype  sites.  Ongoing  research  at  WES  unde^  the 
Wetlands  Research  Program  is  further  investigating  and  evaluating  the  use  of 
breakwaters  for  tiiese  purposes. 

Functional  design  techniques  and  evaluation  tools  for  detadied  breakwaters 
can  be  classified  into  three  categories:  empirical  relationships,  physical  and 
numerical  models,  and  prototype  assessment.  A  three-phase  design  process  is 
suggested  using  these  tools.  First,  a  desktop  study  should  be  conducted 
employing  various  empirical  relationships  to  relate  proposed  structural  and  site 
parametws  to  shoreline  response  and  identify  design  altmnatives.  Second,  a 
(diysical  or  numerical  model  study  can  be  used  to  evaluate  beach  response  to 
the  breakwatw  project,  and  to  assess  and  refine  alternatives.  Finally,  if 
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foible,  a  prototype  test  can  be  conducted  to  verify  and  adjust  the  preliminary 
design. 


Structural  design  guidance  for  detached  breahwatm  involves  assessment  of 
structural  lability  and  anticipated  performance  diaracteristics  for  critical  and 
average  wave  and  water  levd  conditions.  The  use  of  low-crested  breakwaters 
for  beach  and  wetland  stabilization  projects  has  increased  since  can  be 
more  cost-effective  dian  convention^  multilayered  navigation  brea^aters. 
Recem  guidance  to  assess  structural  stability  and  performance  dtaracterisdcs 
of  low-crested  breakwaters  is  presetted  in  fois  report. 


Additional  Research  Needs 


Continued  research  relative  to  det^ed  breakwaters  should  explore 
improved  techniques  to  predict  beadi  response  and  mefoods  to  t^nimize 
breakwater  design.  Primary  reasons  for  die  limited  use  of  detadied 
breakwaters  in  die  United  States  are  the  lack  of  functional  design  guidance  and 
high  construction  costs.  Further  development  of  comprehensive  criteria  is 
needed  for  breakwater  design  in  the  feasibility,  continuing  audiority,  and 
reconiuussance  phases.  Current  techniques  to  predict  shoreline  response  and 
downdrift  impacts  as  a  foncdon  of  structural  a^  site  parameters  can  be 
insufficient,  cosdy,  time-consuming,  and  not  readily  available  to  die  designer. 
Continuing  efforts  at  CERC  are  completing  die  development  of  functional 
design  criteria,  in  die  form  of  nomographs,  based  on  site  and  structural 
parametos  (Rosati,  Cravens,  and  Chasten  1992).  Additional  research  is  also 
needed  in  predicting  wave  transmission  characteristics  of  detached  breakwaters 
and  the  resulting  influence  of  transmitted  wave  energy  on  beadi  planform  and 
wedand  developmoit.  Continued  research  addressing  breakwaters  as  beadi 
fill  stabilization  and  wedand  development  structures  would  be  beneficial. 
Increased  benefits  from  die  use  of  breakwaters  in  these  manners  may  hdp 
justify  dieir  costs  of  construction  and  encourage  breakwater  applications  in 
more  areas  of  the  United  States. 
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Appendix  A 

Case  Design  Exampie  of  a 
Detached  Breakwater  Project 


Introduction 


This  appendix  was  ptepatei  by  Mr.  Edward  T.  Fulford  of  Andrews  Millo’ 
and  Associates,  Inc.  The  community  of  Bay  Ridge,  Anne  Arundel  County, 
Maryland,  is  located  on  die  western  shore  of  die  Chesapeake  Bay  near 
Amu^lis  as  shown  in  Figure  Al.  The  shoreline  is  about  2,250  ft  in  length 
and  is  composed  of  a  sandy  beadi  fronting  a  bank  ranging  in  height  from 
about  8  to  24  ft.  Bay  Drive  runs  parallel  to  die  sbordine  in  this  area  and  a 
sewer  line  also  parallds  the  shordine  along  the  western  side  of  Bay  Drive. 

As  a  result  of  continued  erosion  of  the  bank  and  shoreline  at  a  rate  of  2  to 
3  ft  po:  year,  a  feasibility  study  was  completed  in  January  1987  which 
recommended  the  construction  of  offshore  breakwaters  a^  beach  fill  as  the 
only  effective  altonative  to  provide  oosion  control  and  storm  protection  for 
die  area  without  eliminating  the  existing  recreational  use  of  the  beadi. 

Figure  A2  shows  the  eroded  condition  of  the  beach  prior  to  project 
construction. 

In  September  1990,  detailed  design  of  the  project  was  completed  and 
construction  was  initit^  in  November  1990.  The  following  paragraphs 
discuss  the  design  and  construction  of  the  offshore  breakwater  and  beach  fill 
project  and  the  prdiminary  post-construction  performance  of  the  project. 


Coastal  Processes 

Winds 

The  wind  conditions  at  Bay  Ridge  were  developed  from  wind  observations 
at  the  Baltimore-Washington  International  Airport.  The  length  of  the  wind 
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Figure  A1 .  Location  Map 

record  used  in  diis  analysis  was  30  years.  Observed  wind  data  v/ere  adjusted 
by  sq)propriate  conversions  to  ov«water  conditions  and  an  devation  of  10  m. 

Statistical  analyses  were  then  p^fbnned  to  determine  return  intervals  for  wind 
conditions. 

The  ^proach  used  to  estimate  die  return  int^als  for  winds  was  to  divide 
die  wind  obswvations  into  the  16  principal  conqiass  directions.  The 
probability  of  observing  a  particular  wind  condition  is  die  product  of  die 
probdiility  of  observing  a  particular  wind  speed  and  the  prdiability  of 
observing  a  particular  wind  direction.  In  order  to  determine  values  that 
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Figure  A2.  Existing  shoreline  condition 


properly  correspond  to  this  product,  all  observations  were  categorized 
according  to  sp^  and  direction,  forming  a  probability  matrix.  The  matrix, 
whm  contour^,  exhibited  various  combinations  of  wind  speed  and  direction 
that  correspond  to  each  probability  of  occurrence.  The  matrix  was  adjusted  to 
account  for  the  length  of  record  firom  the  measurement  site.  For  wave  and 
water  level  estimates,  the  combination  of  wind  speed  and  direction  was  diosen 
that  would  potratially  generate  the  highest  waves  and  winds.  For  Bay  Ridge, 
the  following  design  wind  conditions  were  determined: 


Table  A1 

Design  Wind  CondHions 

Event 

Wind  Speed  (knota) 

Wind  Direction 

l-year 

32 

SSE 

10*yaar 

43 

SSE 

25-yaar 

49 

SSE 

SO-yaar 

«S 

SSE 

Water  levels 

The  wind  speed  and  directions  corresponding  to  each  design  return  interval 
were  uniformly  implied  to  a  simple  numerical  finite  difference  storm  surge 
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OKxlel  of  die  Ghesapeake  Bay.  The  model  used  was  a  siu^ilified  model  c»igi- 
nally  devek^ied  by  and  Bodine  (1968)  for  die  Texas  coast.  The  modd 
calculated  dw  wind-induced  setup  of  the  water  levd  duousbout  the  Bay. 

The  storm  surge  modd  used  a  tune-stepping  finite  difference  numerical 
algoridim  that  solved  ^ipropriate  differradal  equations  representing  a  flow 
system.  The  equations  and  momentum  and  continuity  expressions  contain 
terms  that  simulate  the  following  processes: 

-  (foriolis  fwces 

-  Surfoce  wind  stresses 

-  Bottom  stresses 

-  Advectkm 

-  Surface  slope  currents 

Land  boundaries  in  die  sinqile  modd  were  treated  as  vertical  walls;  however, 
the  modd  did  not  have  die  capability  to  simulate  inland  flooding. 

Based  upon  a^ilication  of  the  simple  storm  surge  modd  rqiresentation  of 
the  Chestqi^e  Bay  and  Bay  Ridge  areas,  the  storm  surge  levds 
corre^nding  to  each  design  return  interval  for  the  project  area  are  shown  in 


Waves 

Wave  conditions  for  the  design  of  shore  protection  structures 
at  Bay  Ridge  were  g«ierated  using  an  array  of  numerical  modds 
and  flnhe  difference  grid  scales. 


Large  scale,  or  "offshore,”  wave  conditions  In  the  Giesapeake 
Bay  were  calculated  using  a  time-stepping  directional  ^lectral 
wave  modd.  Directional  spectral  wave  modds  are  generally 
more  accurate  dian  odier  niediods  of  determining  wave  conditions 
on  the  Giesapeake  Bay  primarily  because  die  Bay  is  considered 
bodi  a  narrow  and  sbdlow  water  fetch  over  ^i(^  die  waves  are 
gmerated.  Simpler  techniques  for  determining  wave  conditions 
do  not  account  for  land  boundaries  on  the  sides  of  narrow  fetches  and  do  not 
account  for  die  predominance  of  shoal  areas  such  as  diose  in  die  Bay. 
Significam  mors  in  wave  estimates  during  extreme  events  can  result  by 
ignoring  diese  (hysical  constraints  on  wave  generation  and  propagation.  The 
Giestqieake  Bay  was  initially  digitized  into  a  2.S-nautical  n^e  finite  diffdence 
grid,  over  vriii(A  winds  corresponding  to  each  design  event  were  applied. 

The  offshore  wave  conditions  generated  in  the  initial  wave  model 
application  were  used  as  input  to  a  finer  scale  simulation.  The  simulation  was 
poformed  using  the  same  directional  spectral  wave  model  at  a  finite 
difference  grid  scale  of  SOO  ft  including  all  inqiortant  nearshore  wave 
transformation  processes,  including  wave  refraction,  riioaling,  wave-wave 
interactions,  bottom  friction,  etc.  The  nearshore  wave  conditions  for  each 


Table  A2. 


TabloAR 

Doaign  Watar  Lavala 

Cvwit 

Burfalawal 

tft  mlw) 

1-y*ar 

3.6 

10-v*ar 

4.5 

25-yaar 

6.2 

SO-y*ar 

6.0 
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approach  directkHi  at  the  -3-ft  mean  low  water  (mlw)  contour  are  presented  in 
T^e  A3  for  eadi  design  evoit.  The  design  water  depth  at  that  location 
indudea  the  oorrespcmding  storm  surge  plus  a  1-ft  astronomical  tide. 


Talil«A3 

DMign  Wav*  CondMons 

Waaa  HaigM  tfC  ftl 

|M«| 

MraeUan 

1-y«ar 

5.0 

5.6 

SSE 

10>vaar 

6.6 

6.5 

SSE 

ZS-yaar 

6.5 

7.6 

SSE 

80-yaar 

7.2 

6.7 

SSE 

SedbiMfit  transport 

Loagshorc  transport.  Prdiminary  analyses  of  aerial  photos  and  wind 
distributions  indicated  that  die  predominant  net  longshore  littoral  drift  in  the 
project  area  is  small  and  in  a  nordierly  direction.  To  gain  a  better  insight  into 
this  process,  several  tediniques  were  used. 

Baergy  flus  method.  This  method  is  based  on  die  assunqition  that  the 
longshore  transport  rate  of  littoral  material  can  be  computed  f^m  the 
longshore  oon^mnent  of  energy  flux  in  the  surf  zone  according  to  the 
following  equation: 

Q  >  7S00  (Al.  Equation  4-50,  SPM) 

The  longshore  energy  flux  in  die  surf  zone  is  approximated  by  assuming 
conservation  of  energy  flux  in  shoaling  waves,  using  small-amplitude  wave 
theory,  and  then  evaluating  die  energy  flux  relation  at  the  breaker  position. 
This  energy  flux  is  dien  related  to  sedimrat  transport  dirou^  an  empirical 
rdationship.  The  procedure  used  in  this  type  of  analysis  is  to  first  develop  the 
wave  climate  for  an  area,  consisting  of  wave  heists,  periods,  and  breaking 
wave  angles  between  the  wave  crests  and  the  shoreline  and  the  percent 
occurroice  of  these  conditions.  These  wave  parameters  are  then  used  in  the 
empirical  rdationship  to  determine  the  amount  of  sediment  that  could  be 
transported  by  eadi  wave  condition. 

For  diis  analysis,  each  wind  speed  and  direction  combination  was  applied 
to  the  wave  modd  grid,  yidding  a  nearshore  wave  height/period/direction 
combination  resulting  from  that  wind.  These  wave  characteristics  were 
convNted  to  longshore  energy  flux  potential  and  transport  potential  and 
wei^ited  by  their  individual  probability  of  occurrence.  Summing  the  rdative 
contributions  of  the  wave  resulting  from  each  wind  speed/direction 
combination  yidded  a  net  longshore  sediment  transport  potential  of 
13,300  cu  yd  travding  northerly  along  the  Bay  Ridge  shoreline. 
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Aorial  photoyphy  analyBis.  Seven  sets  of  aerial  [dK)togn4>hs  of  the 
^ject  area  shtweliiie  frcHn  1962  to  1985  were  analyzed  ftv  evidence  of 
longshore  sediment  transpMt  direction.  The  results  of  the  aerial  photo^t^y 
analysis  and  field  observations  supported  the  results  of  the  analytical 
determination  of  the  longshore  transp(»t  in  the  area.  Overall,  ^ere  appears  to 
be  a  net  longshore  transport  to  the  north  along  the  study  area  shoreline  with 
some  occurrence  of  aoudierlytran^rt.  The  best  estimate  for  die  magnitude 
of  the  net  tran^KMt  rate  is  iiqiroximately  5,000  to  10,000  cu  yd/yr  to  the 
nmdi. 


Structural  Breakwater  Design 


Onaign  wnv«  and  water  laval 

The  level  of  structure  design  was  die  25-year  storm  event.  Based  on  the 
numerical  modding  analysis,  the  design  wave  height  ff,,  wave  period  T,  and 
storm  surge  DSWL  for  this  event  are: 


H,  =  6.5  ft 
r  =  7.6  sec 
DfBZ,  =  4-5.2  ft  mlw 


Braakwatar  atone  aba  and  cross  aaedon 

Selection  of  the  armor  stone  size  to  withstand  the  design  wave  conditions 
was  based  on  the  stability  formula  devdoped  at  die  U.S.  Army  Engineer 
Waterways  Experiment  Station.  This  formula  is  as  follows: 


W  - 


(A2,  Equation  7-116,  SPM) 


where 

W  —  wei^t  in  pounds  of  an  individual  armor  unit  in  the  primary  cover 
layer.  The  stones  comprising  die  primary  cover  layer  range  from 
about  0.75  W  to  1.25  W,  widi  about  50  percent  of  the  individual 
stones  weiring  more  dian  W 

Wf  =  unit  weight  of  stone;  165  Ib/ft^ 

H  =  design  wave  height  at  the  structure;  6.5  ft 

Sf  ^  specific  gravity  of  the  armor  unit,  rdative  to  the  water  at  die 
structure  (S,  =  w^w^);  2.58 
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s  unit  weight  of  water;  64.0  Ib/ft^ 

$  s  angle  of  die  structure  slope  measured  from  the  horizontal  in 
d^rees;  cot  0  »  1.5 

Kjy  B  stabUity  coefRcieitt  for  rough  angular  armor  units;  «  2.0 

For  die  design  conditions  at  the  site,  W  »  3,300  lb.  The  acceptable  range 
for  W  is  2,500  to  4,500  lb  with  50  percott  of  die  individual  stones  weighing 
more  dian  3,300  lb. 

The  bedding  and  core  stone  direcdy  btmeadi  the  primary  armor  units  is 
3-in.  to  8-in.  stone. 

The  crest  width  of  die  breakwaters  is  calculated  from  the  following 
eqiuttion  (SPM,  1984); 

(A3,  Equation  7-120,  SPM) 

ii^ere 

B  -  crest  widdi,  ft 

n  =  number  of  stones  (n  ~  3  is  recommended  minimum) 

=  layer  coefficient;  1.00 

w,  *  unit  weii^t  of  stone;  165  Ib/ft^ 

Using  diis  equation,  the  crest  width  is  calculated  to  be  9.5  ft. 

Since  die  breakwaters  will  be  exposed  to  breaking  waves,  a  quarrystone  toe 
berm  is  required  to  support  the  primary  cover  layers.  The  width  of  this  berm 
is  6  ft  and  the  diickness  of  the  berm  is  3  ft.  A  typical  section  of  the 
breakwater  is  shown  in  Figure  A3. 


Foundation  analyaia 

Vibracores  were  takm  at  four  offshore  locations  boieadi  the  area  of  the 
proposed  offshore  breakwaters.  A  soni^rtable  coring  system  was  used. 
Cores  ranging  in  Imgtb  from  4  to  5  ft  were  obtained.  Analysis  of  these  cores 
indicated  diat  a  surface  sand  layw  overlies  the  entire  area,  ranging  in 
diickness  from  10  to  20  in.  and  that  no  setdement  is  expected,  either  initially 
or  in  die  long  term. 


Functional  Breakwater  Design 


Shoreiiarallel  breakwaters  constructed  ofbdiore  provide  protection  by 
reducing  foe  amount  of  wave  oiergy  reaching  foe  leeward  water  and  shore 
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Figure  A3.  Typical  breakwater  section 


area.  As  discussed  in  the  Shore  Protection  Manual  (1984),  the  shoreline 
response  resulting  from  the  construction  of  an  offehore  breakwater  is  governed 
by  the  resulting  dianges  in  the  longshore  sedimeot  tran^rt  and  the  onshore- 
ofbhore  sediment  transport  in  the  vicinity  of  the  breakwater.  For  oblitpidy 
incident  waves,  die  longshore  transport  rate  in  the  lee  of  the  structure  will 
initially  decrease,  causing  deposition  of  some  of  the  longshore  drift.  A  beadh 
saliem  is  formed,  which  will  continue  to  grow  until  eidier  the  longshore  rate 
past  die  structure  is  reestablished  or  a  tonfoolo  (attadunem  of  die  salient  to  die 
breakwater)  is  formed. 

For  the  project  area,  the  objective  was  to  reduce  the  wave  mergy  reaching 
die  eroding  sbordine  to  a  levd  that  would  not  cause  erosion  during  storm 
events.  This  objective  was  to  be  accomplished  widiout  creating  any  adverse 
effects  along  die  adjacent  shoreline  areas.  Of  the  two  sbordine  responses, 
salient  formation  was  preferred  so  that  the  breakwaters  would  not  become 
attached  to  shore  creating  a  barrier  d)  littoral  drift  (i.e.,  tombolo  formation). 
Tombolo  formation  is  prevented  by  allowing  sufficient  wave  energy  to  enter 
the  protected  r^ion. 


Breakwater  length  versus  distance  offshore 

and  Dean  (1986)  investigated  sevmi  offtbore  breakwater  projects  in 
die  Udted  States  and  oonduded  that  the  beach  response  in  the  lee  of  the 
breakwaters  is  a  direct  re«ilt  of  the  amount  of  wave  energy  reaching  the 
beach.  A  dassiftcatkm  scheme  was  devdoped  whwe  die  lowest  wave  enwgy 
in  die  lee  of  the  breakwaters  results  in  tombolo  formation  and  litde  or  no 
response  of  the  shordine  occurs  when  high  wave  enngy  readies  the  sbordine. 
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The  five  beach  re^ioiise  planfbrms  used  in  this  classification  scheme  are  as 
follows: 

a.  PERMANENT  TOMBOLOS  -  Way  little  wave  energy  reaches  the 
shore  and  the  beach  is  stable  with  little  transport  along  die  shore. 

b.  I^RIC^IC  TOMBOLOS  •  One  or  more  of  die  breakwater  segments  are 
periodically  backed  by  tombolos  with  a  periodic  t^^>ping  of  littoral 
material  followed  by  a  release  of  a  "slug”  of  sediment  to  the  downdrift 
shordine. 

c.  WELL-DEVELOPED  SALIENTS  -  These  planforms  occur  when  some¬ 
what  higher  wave  en«gy  reaches  the  lee  of  die  structures  and  they  are 
characterized  by  a  balanced  sediment  budget.  Longshore  moving 
material  enters  and  leaves  the  project  at  approximately  the  sama  rate. 

d.  SUBDUED  SALIENTS  -  In  this  case,  die  shoreline  response  is  not  as 
pronounced,  and  the  amplitude  of  the  salient  is  of  lower  relief. 

e.  NO  SINUOSITY  -  High  wave  energy  reaches  die  beach  in  diis  case 
resulting  in  litde  if  any  shoreline  response. 

Ahrens  and  Cox  (1990)  developed  an  en^irical  expression  for  a  beach 
response  index  based  on  the  data  from  the  seven  of^ore  breakwater  projects 
presented  in  Ptqie  and  Dean  (1986).  This  index  is  based  on  die  ratio  of  the 
lengdi  of  die  breakwater  L,  to  the  of^ore  distance  of  the  breakwater  X.  The 
values  of  this  index  for  the  five  beach  response  classifications  of  P(^  and 
Dean  (1986)  are  shown  in  Table  A4. 

For  die  project  area,  various  combinations  of  breakwater  lengdis  and 
ofi^re  distances,  along  with  the  corresponding  beach  response  index,  were 
evaluated  as  shown  in  Table  AS. 

In  order  to  maximize  the  protection  to  the  project  area  shoreline  and 
maintain  the  longshore  transport  rate  along  the  shordine,  the  desired  planform 
ranged  from  subdued  salients  to  well-developed  salients.  To  achieve  diis 
planform,  the  combination  of  a  breakwater  length  of  100  ft  and  offshore 
distance  of  133  ft  was  selected. 


Breakwater  segmentation 

A  primary  area  of  concon  for  die  project  area  was  the  magnitude  of 
diffracted  waves  in  the  lee  of  the  gi^s.  Waves  will  enter  the  breakwater  gaps 
and  diffract  bdiind  the  structures  and  toward  the  shoreline.  Upon  reaching 
the  shordine,  sufficimt  beach  widdi  and  berm  height  are  required  to  dissipate 
diis  wave  raergy  prior  to  its  readiing  the  bank  toe.  If  the  existing  beach 
width  and  height  are  not  sufficient  to  dissipde  the  wave  energy,  the  options 
are  to  design  the  breakwat^  to  further  decrease  the  wave  energy  propagating 
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Tabl«A4 

BMch  RMponM  CtesaHications  (from  Pop*  aiKl  Daan  (19861) 

1 

1 

1 

ClaaaHkadon 

1.0 

Pamtanam  tombokM 

2.0 

Pariodic  tomboloa 

3.0 

WaS-dawaiopad  aaliants 

4.0 

Subduad  aalianta 

6.0 

No  ainiioaity 

TaUaAS 
Braakwatar  L 

sngth/DIatanca  Offaho 

ra  va  Beach  Rat 

iponaa 

Baaoh  Waaponaa 

(Ahrana  and  Cox 

s 

X 

s 

X 

s 

X 

l^/X 

1990) 

so 

200 

75 

300 

100 

400 

.25 

5.0/no  ainuoaity 

so 

100 

75 

150 

100 

200 

.50 

4.5/no  ainuoaity 

so 

7S 

75 

112 

100 

150 

.67 

4.2/aubduad 

aalionta 

so 

67 

76 

100 

100 

133 

.75 

4.1/aiJt>duad 

aalianta 

so 

SO 

7S 

7S 

100 

100 

1.00 

3.7/aubduad 

aaNanU 

so 

40 

75 

60 

100 

80 

1.25 

3.3/waM-davaiopad 

aalianta 

so 

33 

76 

SO 

100 

67 

1.50 

3.0/waN-davalopad 

aaHantt 

so 

29 

75 

43 

100 

57 

1.75 

2 . 7/Mran-davalopad 
aalianta 

so 

25 

75 

38 

100 

SO 

2.00 

2.5/pariodic 

tomboloa 

througli  the  ga^  (e.g.,  smaller  g!Q)s,  with  the  resulting  increase  in  Ae  length 
of  breakwater  segments)  or  to  add  beach  fill  to  the  shoreline  area.  In  the 
lattN*  ^plication,  die  function  of  the  breakwater  system  is  to  reduce  the  wave 
energy  level  sudi  that  the  beach  fill  will  form  a  stidile  equilibrium  planform 
and  dissipate  the  remaining  wave  en^gy  prior  to  its  readiing  the  toe  of  the 
bank. 

To  evaluate  the  potential  wave  transmission  characteristics  of  various 
breakwater  gaps,  nearshore  diffraction  diagrams  were  developed  for  the  lee  of 
the  breakwaters  for  each  design  event.  Analysis  of  the  diagrams  indicated  that 
the  SO-yr  design  wave  height  of  7.2  ft  would  be  reduced  to  about  3  ft  at  a 
distance  of  about  45  ft  from  the  toe  of  the  bank  for  breakwater  gap  widths  of 
100  ft,  the  minimum  gap  width  considered  practical  for  the  area.  Assuming  a 
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breaking  wave  parameter  k  equal  to  0.78.  this  wave  would  break  in  a  depdi 
of  water  of  about  3.8  ft.  With  the  existing  beach  berm  at  4-2.S  ft  mlw  a^ 
the  design  storm  tide  at  +6.0  ft  mlw,  these  waves  would  break  directly  on  the 
bank  toe  and  cause  significant  erosion. 

In  lieu  of  reducing  the  diffracted  design  wave  height  by  narrowing  the 
breakwater  gap  width,  beach  fill  placemoit  was  selected  to  provide  the  desired 
protection  for  die  bank  area.  The  beach  fill  plan  consisted  of  raising  die 
height  of  the  existing  berm  to  +6.0  ft  mlw  for  a  width  of  30  ft  from  the  toe 
of  the  existing  bank  and  then  sloping  IH  on  8V  to  the  existing  bottom. 

With  the  storm  berm  in  place  at  a  height  of  +6.0  ft  mlw,  wave  heists 
near  the  toe  of  the  bank  would  be  depth-limited  to  less  than  1  ft  during  the 
SO-yr  storm  analyzed  for  functional  pofonnance  (at  the  sponsor’s  request). 
Following  its  placement,  the  beach  ffll  would  be  expected  to  evolve  to  a  stable 
planform  with  salients  forming  behind  each  breakwater  and  «nbayments 
opposite  each  gap.  As  a  result  of  this  process,  die  mean  high  water  line 
(mhwi)  behind  die  breakwaters  would  advance  bayward  and  die  mhwl  opposite 
foe  gaps  would  recede  shoreward.  Analysis  of  foe  diffracted  wave  patterns  in 
foe  area  and  foe  performance  of  numerous  other  offshore  breakwater 
configurations  indicate  that  recession  of  foe  mhwl  opposite  the  gaps  would  be 
on  foe  order  of  15-20  ft. 

During  foe  evolution  of  foe  shoreline,  foe  slope  of  foe  beadi  fill  would  be 
expected  to  evolve  to  a  more  natural  and  milder  slope.  Analysis  of  foe  profiles 
in  foe  area  indicates  that  this  slope  should  be  on  foe  order  of  IV  on  lOH  to 
IV  on  15H. 

Opposite  foe  gaps,  foe  recession  of  foe  mhwl  and  foe  slope  changes  w«-e 
used  to  determine  foe  wave  heights  during  foe  SO-yr  storm  event. 

Table  A6  indicates  foe  depth-limited  wave  heists  during  this 
event  relative  to  foe  bayward  distance  from  foe  toe  of  foe 
bank.  These  wave  heists  assume  a  worst  case  situation 
where  foe  entire  profile  opposite  foe  gap  evolves  to  foe  milder 
slope  and  foe  horizontal  berm  (  at  +6.0  ft  mlw)  is 
substantially  decreased  in  width. 

Since  foe  protection  of  foe  bank  toe  d^ends  on  foe 
performance  of  foe  beach  berm  during  design  storm  events,  a 
profile  response  model  was  used  to  evaluate  this  performance. 

This  model,  developed  by  Kri^l  and  Dean  (1985),  calculates 
beach  profile  evolution  due  to  storm  events,  and  includes  foe 
effects  of  both  water  level  rise  and  waves.  The  initial  profile 
used  in  foe  simulation  is  foe  proposed  beach  fill  configuration 
with  foe  assumed  equilibrium  beach  slope.  A  worst  case 
scenario  was  evaluated  with  foe  model  for  the  beach  and  shoreline  area 
opposite  foe  gaps  by  using  the  storm  wave  conditions  prior  to  reduction  by  foe 
offehore  breakwaters.  The  results  of  this  evaluation  indicated  that  even  in  foe 


Table  A6 

Depth-Limited  Wave 
Heights  Opposite 

Gaps 

Bayward 
Distanoe  From 
Bank  Toa  (ft) 

Wave  Height 
(ft) 

0 

<  1.0 

10 

2.0 

20 

2.5 

30 

3.0 
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worst  case  scenario  for  the  SO-yr  storm  event,  the  storm  berm  would  remain 
widi  a  widdi  of  on  die  order  of  S  to  10  ft.  The  actual  erosion  of  die  storm 
berm  would  be  expected  to  be  significandy  less  due  to  the  reduction  in  die 
storm  wave  energy  as  a  result  of  wave  diffraction  through  the  gaps. 

Based  on  the  preceding  analyses,  a  gap  widdi  of  100  ft  was  selected  for  the 
project  area. 


Braakwatnr  crest  elevation 

In  addition  to  diffracted  wave  enwgy  throu^  die  breakwater  gaps,  wave 
energy  transmitted  over  die  top  of  the  structures  was  considered  to  maximize 
the  protection  of  the  shordine  area.  This  analysis  was  conducted  using  a 
wave  transmission  modd  developed  by  Ahrens  (1987)  capable  of  predicting 
the  amount  of  wave  energy  transmitted  over  and  dirough  both  submerged  and 
non-submerged  reef  type  breakwaters.  Table  A7  presents  die  results  of  diis 
analysis  for  various  combinations  of  breakwater  crest  hei^t  and  slope  for 
various  return  interval  storms.  During  the  SO-yr  design  storm,  the  wave 
heights  immediatdy  behind  the  breakwaters  are  reduced  to  about  60  percent, 
54  percent,  and  46  percent  of  the  incident  hei^t  with  breakwater  crest 
elevations  of  +4.0,  +S.0,  and  +6.0  ft  mlw,  respectivdy.  During  die  25- 
year  event,  these  reductions  are  55  percent,  46  percent,  and  38  percent, 
respectivdy.  These  transmitted  waves  then  propagate  shoreward  where  they 
are  further  dissipated  by  the  beach  salients  formed  during  the  evolution  of  foe 
beach  fill  to  an  equilibrium  planform  and  foe  storm  berm.  Widi  foe  proposed 
beach  fill  in  place,  a  breakwater  crest  elevation  of  +  4.0  ft  mlw  was  sdected 
to  limit  the  transmitted  design  wave  heights  to  about  4.0  ft  (foe  same  height  as 
foe  diffracted  design  wave  opposite  foe  gaps)  which  would  foen  be  dissipated 
by  foe  storm  berm. 


Beachfill  characteristics 

Seven  beach  profile  lines  were  identified  for  sample  collection.  Four 
1-litw  sanqiles  of  surface  sedim«it  were  taken  at  locations  along  each  profile 
spaced  equally  between  the  foot  of  foe  bluff  and  a  depth  of  -1 .0  ft,  mlw.  The 
four  samples  were  foen  mixed  into  a  composite  sample  for  sieve  analysis. 
These  data  indicate  foat  the  native  beach  material  ranges  from  fine  to  coarse 
sands  with  a  median  grain  size  of  about  0.6  mm.  For  optimum  performance, 
beachfill  sources  with  similar  grain  size  characteristics  should  be  used. 


Summary  of  Breakwater  and 
Beachfill  Design  Components 


Based  on  foe  above  analyses  and  evaluations,  foe  recommended  plan  to 
accomplish  foe  objectives  of  stabilizing  the  existing  beach  and  providing 
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wave-induced  erosion  control  for  the  existing  banks  is  the  construction  of  11 
offidiore  breakwaters  and  the  placement  of  beachfill.  The  recommended 
breakwater  segment  lengAs  are  100  ft  each,  s^arated  by  100-ft-wide  gaps 
(except  for  a  75-ft-wide  gap  immediately  south  of  the  existing  pumping 
station)  and  located  about  140  ft  bayward  of  the  existing  mean  bi^  water 
shoreline.  The  recommended  design  crest  elevation  is  +4.0  ft  mlw. 

The  recommended  beachfill  includes  a  storm  berm  at  +6.0  ft  mlw 
extending  about  30  ft  bayward  of  the  existing  toe  of  the  bank  and  then  sloping 
at  1V:8H  until  intersecting  with  the  existing  bottom. 


Project  Construction 


The  construction  of  the  project  was  initiated  in  November  1990  and 
completed  in  July  1991  by  Coastal  Design  and  Construction  of  Gloucester, 
Virginia.  The  construction  sequence  was  breakwater  construction,  initial 
beach  fill  placement,  extension  of  existing  storm  drains,  grading  and 
stabilization  of  critical  bank  erosion  areas,  and  final  beach  fill  placement. 

The  breakwaters  were  constructed  by  land-based  equipment  using 
tenqrarary  sand  causeways  from  the  existing  shoreline  out  to  the  breakwater 
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locatkms.  Geotextile  £ri>ric  was  placed  on  the  existing  bottom  followed  by 
placement  of  the  bedding  stone  directly  on  die  filter  fabric.  Stone  was 
supplied  to  eadi  breakwater  location  via  a  front-end  loader  running  between 
die  stone  stoclqiUe  areas  at  die  nordi  and  south  ends  of  die  project  area  and 
each  sand  causeway.  The  front-end  loader  dumped  the  stone  into  a  sted 
containment  bin  (daced  at  the  bayward  end  of  e^  causeway.  A  bacldioe  was 
dien  used  to  ranove  the  stone  from  die  containmmit  bin  and  place  it  in  die 
breakwater  section.  This  procedure  is  illustrated  in  Figure  A4. 

The  first  two  or  three  breakwaters  at  the  soudi  end  and  north  end  of  die 
project  area  were  constructed  initially  to  "anchor"  die  existing  beach  material 
and  the  intwmediate  beadi  fill.  Iminediatdy  following  construction  of  the 
breakwater  segments,  wave  diffraction  through  the  gaps  b^an  to  form  die 
salients.  The  pre-  and  post-construction  shorelines  are  shown  in  Figures  AS 
and  A6,  respectively. 

Construction  of  the  project  was  complete  in  July  1991  with  the  final 
placement  of  beach  fill.  The  conflicted  project  shordine  area  is  shown  in 
Figures  A7  and  A8. 


Post-Construction  Monitoring 


Monitoring  of  the  project  was  initiated  with  a  topographic/badiymetric 
survey  of  the  project  area  prior  to  construction.  Postiilacmnent  surveys  of 
beach  fill  acceptance  reaches  wwe  completed  on  July  8,  1991.  Post¬ 
construction  beach  surv^  were  completed  on  S^tember  28,  1991,  and 
Novonber  17,  1991.  The  purpose  of  these  surveys  was  to  monitor  the 
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Figure 


AS.  Pre-construction  shoreline 


Figure 


A6.  Post-construction  shoreline 
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Rgure  A7.  Completed  project  at  south  end 


Figure  A8.  Completed  project  at  north  end 


evolution  of  the  beach  fill  as  a  result  of  the  effects  of  the  off^ore 
breakwaters.  Figure  A9  shows  the  pre-  and  post-construction  shordine 
positions. 

Wind  data  from  the  Baltimore  Washington  International  Airport  were 
obtained  for  the  period  January  1  to  December  30,  1991,  along  with  Littoral 
Environmental  Observations  (LEO),  site  photographs,  and  aerial  photography. 
The  wind  data  were  used  to  hindcast  the  wave  climate  at  the  site. 

The  response  of  the  shoreline  following  the  breakwater  construction  and 
beach  fill  placement  was  initially  predicted  using  an  empirical  method  (Ahrens 
and  Cox  1990).  The  GENESIS  (GENEralized  Model  for  Simulating 
Shoreline  change)  numerical  shoreline  change  model  (Hanson  and  Kraus  1989) 
was  used  to  simulate  the  evolution  of  the  shoreline  under  actual  conditions  that 
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Figure  A9.  Pre-  and  post-construction  shorelines 


occurred  since  project  construction.  Application  and  results  of  the  GENESIS 
modeling  are  presoited  in  die  following  paragraphs. 


GENESIS  Shoreline  Modeling 


Modal  setup 

The  shoreline  coordinate  system  established  for  die  modeling  is  shown  in 
Figure  AlO.  The  alongshore  spacing  selected  was  12.5  ft  to  maximize  die 
number  of  cdls  behind  each  detadied  breakwatn.  This  spacing  resulted  in  an 
average  of  nine  cells  per  breakwater.  Initial  shoreline  position  data  v/er6 
devdoped  based  on  die  July  8,  1991  post-fill  survey  of  die  project  area. 
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Data  for  tha  START  file 

The  initial  modd  configuration  is  contained  in  STARTJNIT.  Values  for 
die  modding  parameters  were  based  on  available  data  from  the  site  and  best 
engineo’ing  assumptions.  Values  sdected  and  tbe  rationale  for  their  sdection 
are  discussed  in  the  following  paragraphs. 

Line  A^.  Breakwaters  are  100  ft  in  length  and  tbe  gaps  between  them  are 
100  ft.  The  exceptions  are  a  7S-ft  gap  between  Breakwaters  No.  6  and  No.  7, 
and  Breakwater  No.  11,  whidi  has  a  length  of  75  ft. 

Line  A.5.  Wave  data  were  devdoped  by  bindcasting  hourly  wind  speeds 
obtained  from  a  nearby  anemometer.  Accordingly,  tbe  initial  time  interval 
selected  is  DT  =  1  hr.  Previous  experience  indicated  dut  with  an  alongshore 
spacing  of  DX  =  12.5  ft.,  this  time  intnval  should  result  in  a  reasonable 
stability  parameter. 

Line  A.12.  For  die  initial  simulation,  tbe  values  of  K1  and  K2  were  left  at 
the  default  values  of  0.50  and  0.25,  respectivdy.  A  prdiminary  run  with 
these  values  and  no  offdiore  breakwaters  resulted  in  a  net  long^ore  transport 
rate  of  -10,000  cu  yd/yr,  which  compares  favorably  with  the  estimated 
longshore  transport  rate  in  the  area. 

Line  B.l.  For  the  initial  simulation,  the  values  of  HCNGF,  ZCNGF,  and 
ZCNGA  were  set  to  give  no  change. 

Line  C.l.  Sand  placed  as  a  part  of  project  construction  had  a  median 
grain  size  of  0.5  mm.  This  value  was  selected  for  the  initial  simulation. 
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Line  C  The  design  berm  elevation  for  the  project  was  6  ft  above  mean 
low  water  (set  at  the  SO-yr  tide  elevation). 

Line  C3.  The  depth  of  closure  for  the  project  area  is  estimated  to  be  8  ft 
based  on  profile  analysis  in  the  area. 

Line  D.l.  There  are  no  non-diffracting  groins  included  in  the  simulation. 

Line  E.I.  One  diffracting  groin  is  included  at  grid  cell  1. 

Line  F J.  The  bottom  slope  near  the  groins  is  0. 1 . 

Line  F3.  The  north  groin  was  constructed  to  have  low  permeability. 

Lines  F.4  and  F^.  The  value  of  the  lengUi  of  die  diffracting  groin  at  grid 
cell  1  was  taken  from  a  survey  of  the  area. 

Lines  G.d  and  G.7.  Locations  of  die  breakwaters  are  taken  from  the  as- 
built  drawings  of  the  project. 

Line  G.9.  Transmission  coefficients  for  the  breakwaters  were  initially 
selected  to  be  0. 10  to  indicate  low  wave  transmission. 


Data  for  the  SHORL  files 

The  shoreline  position  for  the  initial  simulation  was  obtained  from 
shoreline  surveys  conducted  on  July  8,  1991. 


Data  for  the  DEPTH  file 

A  depth  file  was  not  required  because  an  external  wave  transmission  model 
was  not  used. 


Data  for  WAVES  file 

Wave  measurements  for  the  site  for  the  time  interval  between  measured 
shoreline  positions  were  not  available.  Instead,  a  1-year  wave  hindcast  was 
conducted  for  the  period  January  1,  1991,  through  December  31,  1991.  This 
hindcast  was  conducted  using  hourly  wind  data  from  the  Baltimore/ 
Washington  International  Airport,  which  is  located  about  19.S  miles  northwest 
of  Bay  Ridge.  Waves  were  hindcast  up  to  the  breakwater  locations  using  the 
shallow-water  wave  equations  in  the  Corps  Automated  Coastal  Engineering 
System  (ACES)  Program,  Version  1.05. 

The  result  of  this  hindcast  was  a  time  series  of  offshore  wave  period, 
height,  and  direction  data  for  the  period  January  1  to  December  31,  1991 .  As 
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a  check  (m  the  acMptability  of  the  wave  data  set,  longshore  sediment  tran^wrt 
rates  using  the  data  were  comiwted.  This  computation  resulted  in  a  predicted 
net  kMigshore  tranqNMt  rate  of  -10,000  cu  ydVyr,  >i^idi  compares  fiiwrably 
wfdi  the  -5,000  to  -10,000  cu  yd/yr  net  tran^rt  rate  calculated  during  the 
design  studies  and  also  inferred  an  analysis  of  shoreline  changes  in  aerial 
photography  of  the  she.  This  good  congiarison  siqiports  the  use  of  this  wave 
data  set  finr  die  modding  effort. 


CaHbrathw  and  verlflcatioa 

Fw  the  calibration  and  verification  process  for  this  project,  die  intent  was 
to  vary  the  values  of  various  calibndion  parameters  to  obtain  agreement 
between  die  measured  shordine  of  September  28,  1991  (initid  beach 
monitoring  survey)  and  die  cdculated  sbordine.  Once  reasonable  agreement 
was  adikved  between  these  two  shordines,  the  modd  would  be  verified  by 
oonqiaring  die  measured  and  calculated  sbordine  of  November  17,  1991. 

In  the  course  of  cdibration,  goierally  only  one  parameter  at  a  time  was 
changed  in  order  to  evduate  its  effoct  on  the  calculated  shordine  portion.  As 
a  first  step,  the  vdue  of  the  main  parameter  K]  was  varied  to  determine  die 
vdue  diet  would  result  in  a  cdculated  overdl  net  longshore  transport  rate 
close  to  die  previoudy  determined  vdues.  Second,  the  parameter  was 
varied  to  inqirove  die  agresment  betweoi  die  measured  and  cdculat^ 
shordine  positions  as  wdl  as  the  approximate  magnitude  of  net  inflow  of  sand 
from  the  soudi.  Next,  the  longshore  locations  of  the  breakwaters  were 
trandated  severd  grid  cdls  to  the  nordi  and  south  as  required  to  improve  the 
agreement  between  the  cdculated  and  measured  sbordine  positions.  Next,  the 
transmission  coefficients  of  the  breakwaters  were  varied  to  adjust  die  size  of 
the  sdients  behind  die  breakwaters.  Lasdy,  beach  fill  was  added  to  simulate 
die  evolution  of  the  storm  berm  that  result^  in  an  increase  in  beach  width. 

In  totd,  IS  cdibration  simulations  were  conducted.  Severd  of  die  initid 
runs  were  conducted  widiout  any  structures  in  place  dong  the  shordine  to 
determine  die  vdue  of  Kf.  Evaluation  of  diese  runs  indicated  diat  K|  =  0.50 
resulted  in  a  cdculated  net  longshore  tran^rt  rate  of  -10,000  cu  yd/yr  (soudi 
to  nordi),  which  agreed  with  the  previously  determined  rate  of  -S,0(X)  to  - 
10,000  cu  yd/yr. 

With  K]  =  0.5  and  K2  =  0.25,  an  initid  simulation  with  dl  breakwaters 
in  place  was  conducted.  Results  of  this  run,  shown  in  Figure  All,  indicate 
that  die  bayward  limit  and  sh^  of  most  of  die  sdients  bdiind  the 
breakwaters  are  in  reasonably  good  agreenent  with  the  measured  sdients. 
However,  the  longshore  locations  of  ihe  cdculated  sdients  are  displaced  too 
for  to  die  nordi  and  die  depths  of  the  enbayments  are  too  great.  The 
cdculated  Cdibration  Verification  Error  (CVE)  equds  10.44  ft. 

A  number  of  addhiond  simulatfons  were  made  with  the  longshore  locations 
of  the  breakwaters  translated  both  north  and  south  severd  cells  in  an  attempt 
to  inqirove  the  agreramit  between  the  longshore  location  of  the  cdculated  and 
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measured  salients.  The  best  agreemmit  obtained  is  ^own  in  Figure  A12, 
whidi  has  a  calculated  CVE  equal  to  9.01.  As  shown  in  Figure  A12,  there  is 
an  appreciable  improvement  in  the  agreement  between  die  longshore  locations 
of  die  calculated  and  measured  salients.  However,  the  bayward  limit  of  die 
salients  of  the  calculated  ^reline  needs  to  be  increased,  while  die  landward 
limit  of  the  embayments  of  the  calculated  shoreliim  needs  to  be  decreased  to 
improve  agreement  with  the  measured  shoreline. 

In  an  attempt  to  increase  the  bayward  limit  of  the  salients  of  the  calculated 
shoreline,  the  transmission  coefficients  of  the  breakwat^^  were  decreased 
from  0. 1  to  0.0,  which  r^resents  no  wave  transmission  dirou^  the 
breakwaters.  This  diange  had  a  n^iigible  effect  on  the  location  of  the 
salients.  Next,  the  value  of  K2  was  increased  from  0.25  to  0.50  and  thmi  to 
0.75.  The  effect  of  diese  changes  was  an  increase  in  the  calculated  CVE  from 
9.01  with  K2  -  0.25  to  calculated  CVE's  of  9.20  and  9.88  with  K2  ~  0.50 
and  0.75,  respectively.  This  change  also  had  a  n^ligible  effect  on  the 
location  of  the  salients. 

Following  unsuccessful  attempts  at  improving  the  agreement  of  die 
bayward  limit  of  the  salients  and  the  landward  limit  of  die  embaymmits,  the 
changes  between  the  measured  post-fUl  (July  8  1991)  and  the  measured 
September  28,  1991  shoreline  positions  were  analyzed  in  more  detail.  As 
shown  in  Figure  A13,  fallowing  the  completion  of  die  beach  fill  on  July  8, 
1991,  the  ^reline  evolved  to  the  position  shown  on  September  28,  1991  as  a 
result  of  the  influaice  of  the  breakwaters  on  the  wave  climate.  As  noted  in 
Figure  A13,  an  ovarall  bayward  movement  of  die  shoreline  occurred, 
including  die  shoreline  opposite  the  breakwater  gaps.  Although  the  bayward 
movmnent  of  the  shordine  leeward  of  the  breakwaters  was  expected,  the 
bayward  movement  of  die  shoreline  c^posite  the  gaps  was  not  anticipated. 
T^ically,  the  shoreline  opposite  breakwater  gaps  evolves  landward  to  form 
e^ayments  in  equilibrium  with  the  diffiaaed  wave  climate  with  die  sediment 
ooded  from  the  embayments  farming  the  salients  or  tombolos  bdiind  the 
breakwaters. 

In  this  case,  die  bayward  movement  of  the  shoreline  opposite  the  gaps  is 
attributed  to  erosion  of  die  storm  bmn  constructed  as  a  part  of  die  bea^  fill. 
The  beach  fill  tenqilate  consisted  of  a  20-ft-wide  berm  at  +6.0  ft  mlw  with  a 
1V:8H  slope  from  the  bayward  edge  of  the  berm  to  the  existing  txmom.  Site 
visits  fallowing  the  beadi  fill  placement  and  after  some  moderate  storm  events 
revealed  that  1-  to  3-ft-high  erosion  scarps  had  occurred  along  the  berm 
opposite  the  breakwatw  gaps.  The  net  effect  was  that  the  scarping  and 
erosion  of  the  berm  in  these  areas  resulted  in  a  movement  of  beach  fill  from 
the  b«m  to  the  offshore  area  to  reduce  the  slope  of  the  beach.  As  a  result, 
the  mean  low  water  (mlw)  shoreline  opposite  die  gaps  advanced  bayward  in 
all  locations. 

In  retrospect,  a  straightforward  application  of  GENESIS  would  not  be 
expected  to  result  in  good  agreement  between  the  measured  and  calculated 
riiordines  because  of  the  addition  of  sand  to  the  mlw  beach  as  a  result  of  the 
scarping.  In  an  attenqit  to  simulate  this  process,  a  simulation  was  made  with 
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Hgure  A12.  Calibration  simulation  No.  8 
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a  beach  fill  added  between  the  measured  post-fill  shordine  on  July  8,  1991 
and  die  measured  shoreline  on  Septembff  28,  1991.  The  added  berm  widdi, 
YADD,  was  selected  to  be  10  ft,  which  was  the  average  bayward 
displacement  of  the  shoreline  opposite  the  breakwater  gaps  betwem  the  two 
meiaured  shorelines.  The  volume  of  the  'artificial''  bea^  fill  approximated 
the  volume  of  eroded  material  in  the  berm  scarp. 

Results  of  this  simulation  are  shown  in  Figure  A14.  In  general,  the 
agreemmit  between  the  measured  and  calculated  shoreline  is  gready  improved 
widi  a  CVE  equal  to  7.89. 

At  this  point,  the  modd  was  considered  to  be  calibrated  sufficienUy  and  the 
verification  process  was  initiated.  The  intent  of  this  process  was  to  use  the 
modd  to  reproduce  a  measured  shoreline  over  a  time  interval  independrat  of 
the  calibration  intmval.  The  shordine  selected  for  verification  of  foe  modd 
was  foe  measured  shordine  of  November  17,  1991,  since  hindcast  wave  data 
were  also  available  throu^  that  period,  llie  modd  parameters  used  for  foe 
verification  simulation  were  foe  same  as  for  foe  last  calibration  simulation. 
Results  of  fois  simulation,  shown  in  Figure  AIS,  indicate  good  agreement 
between  foe  measured  and  calculated  shordine  positions,  with  a  CVE  equal  to 
7.51. 


Summary  and  Discussion 


The  preceding  sections  discuss  foe  data  preparation,  calibration,  and 
verification  of  foe  GENESIS  model  for  foe  Bay  Ridge  offifoore  breakwater 
project.  A  detailed  description  of  many  of  foe  intermediate  simulations  is 
omitted. 

Overall,  foe  agreement  between  foe  measured  and  calculated  shorelines 
during  foe  calibration  and  verification  stages  is  considered  to  be  good 
considwing  foe  limitations  of  some  of  foe  data  used.  In  particular,  foe 
wave  data  set  was  devdoped  using  wind  data  from  an  inland  anemometer 
nearly  20  miles  away  from  foe  site  and  hindcast  techniques  using  foe  shallow- 
water  wave  equations.  The  use  of  actual  wave  data  from  foe  site  or  a  more 
sophisticated  wave  hindcast  would  have  more  than  likely  resulted  m  better 
agremnent  between  foe  measured  and  calculated  shoreline  positions.  In 
addition,  foe  scarping  and  erosion  of  foe  storm  berm  after  initial  placement, 
which  resulted  in  a  bayward  advancement  of  the  shoreline  opposite  foe 
breakwater  gaps,  further  complicated  foe  modding  effort. 

In  any  event,  foe  agreement  obtained  bdwera  foe  measured  and  calculated 
shordine  positions  even  with  foe  data  limitations,  clearly  illustrates  foe 
capability  and  effectiveness  of  foe  GENESIS  modding  system  in  simulating 
foe  influence  of  waves  and  coastal  structures  on  foe  evolution  of  a  sandy 
beach.  The  results  dononstrate  that  foe  modeling  system  is  an  extremdy 
useful  migineering  tool  for  evaluatmg  shore  protection  projects. 
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Appendix  A  Casa  Design  Example  of  Detached  Breakwater 


Conclusions 


To  date,  the  Bay  Ridge  offshore  breakwater  project  has  performed  as 
expected  the  formation  of  subdued  salients  behind  each  breakwatw  and 
the  resulting  overall  stabUity  of  the  shoreline.  The  project  has  been  subjected 
to  mimeious  significant  storm  events  and  has  prev^ted  wosion  of  the 
area  and  roadway  along  the  project  shordine.  No  advme  effects  have  bem 
observed  along  adjacent  shoreline  areas.  The  project  has  been  well-received 
by  the  residents  of  the  community  as  a  result  of  the  stability  of  die  shoreline 
and  die  rahanconent  of  die  recreational  beach  area. 
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Appendix  B 
Notation 


a 

A 


b 

Bn 

c' 


g 

h 


Maximum  indentation  (beadland  design) 

Empirical  scale  parameter  diat  rriates  to  die  median 
bea^  grain  size 

Erosion  area  of  cross-sectional  profile 
Area  of  breakwater  cross  section 
Headland  spacing 
Bulk  number, 

Effective  slqie  "as  built",  AJh'^ 

Wave  groiq)  speed  at  breaking 
Depth  at  structure 

Dqidi  at  gap  between  adjacent  breakwatw  summit 
Avwage  water  depdi  at  the  structure 
Depth  at  annual  seaward  limit  of  littoral  zone 
Watn*  dqith  (equilibrium  profile) 

Mean  grain  size  of  material  in  project  area 
Nominal  diameter, 

Acceleration  of  gravity  (9.81m/sec^) 

Watm-  depdi  at  toe  of  structure 
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hg,hg  s  Annor  crest  level  rdttive  to  seabed,  aft»  and  b^re  exposure  to 
waves 

H  =  Design  wave  height 

s  Breaking  wave  height 
Hi  =  Incident  wave  height 

-  Significant  wave  height,  average  of  highest  one-third  of  the  waves 
=  Average  of  highest  1  percent  of  all  waves,  •  1.67 
=  Avmge  of  highest  S  percent  of  all  waves,  »  1.37 
Hjo  =  Avmge  of  highest  10  percent  of  all  waves,  »  1.27 
=  Significant  wave  hei^t  based  on  spectrum 
Hf  =  Transmitted  wave  hei^t 

=  Deepwater  wave  height  exceeded  12  hr/yr 
Hg  =  Wave  height  at  breakwater  gap 

/,  =  Beach  response  index 

Kj.K2  =  Enq)irical  coefficients 
Kq  =  Stability  coefficient 

=  Reflection  coefficient  of  breakwater 
Kf  =  H/Hf,  wave  transmission  coefficient 

K, g  =  Overu^ping  transmission  coefficient 

K„  =  Through  transmission  coefficient 

=  Through  transmission  coefficient 
Kj-  =  Structure  transmission  value 

L  -  Wavdength  at  structure 

Lg  =  Gap  distance  between  adjacent  breakwater  segments 
Lp  =  Local  wave  length  calculated  with  7^ 

L,  =  Breakwato*  segment  length 
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N  -  Nundwr  of  waves  (storm  duration) 

N,  s  Stability  munber, 

=  Spectral  stability  number, 
p  -  Sand  porosity 

P  s  Structure  permeability  coefficient 

Pig  ~  Longshore  energy  flux  furtor 

Q  s  Loogabore  transport  rate 

Qff  =  Net  longshore  transport  rate 

Qq  »  Gross  longshore  transport  rate 

Qn  =  Longshore  transport  moving  to  the  ri^t  from  an  observer  looking 

seaward 

Ql  -  Longshore  transport  moving  to  die  left  from  an  observer  looking 
seaward 

R  =  Correlation  coefficieot 

~  (headland  design) 

R^  -  Crest  freeboard,  level  of  crest  relative  to  still  water 
=  Dimensionless  fredward,  R^/Hg  *  (Sg^vf  -^ 

S  =  Ratio  of  sediment  of  fluid  density  (2.65) 

S  =  Damage  level,  AJD^^o 

Sy  =  Specific  gravity  of  armor  unit  (p^p,,,) 

Sgp  =  Fictitious  wave  steepness,  2-KHJ%Tp 
Tg  -  Wave  pwiod  corresponding  to 

Tp  =  Peak  w?  ■ 

=  Average  wave  period 
Wg  =  Unit  weight  of  armor 

=  Weight  of  the  50  percent  size  in  the  gradation 
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s  W«|ht  of  dw  individual  annor  unit 

X  =  Umgahore  coordinate  (Chapter  3) 

X  s  Percentile  of  armor  stone  less  than  the  given  wm^t 
(Ch^4) 

X  -  &eakwater  scgmoit  distance  from  original  shoreline 

Xg  s  Eroskm/accretion  opposite  gap,  measured  from  original  shoreline 

Xg  -  Salient/tombok)  lengdi  in  on-oflsbore  direction  measured  from 
original  shoreline 

X  =  Effective  distance  offehore 

y  =  Distance  to  structure  from  average  shoreline 

a  =  Constam  angle  betwem  eidier  radius  Rj  or  and  its  tangent  to  the 
curve 

=  Predomiiunt  angle  of  wave  approach 

uuifi  =  Average  bottom  slope  from  the  shoreline  to  die  depdi  of 
active  longshore  sa^  transport 

A  =  Relative  density,  -  I 

p^  =  Mass  density  of  armor 

=  Mass  density  of  water 

=  Surf  similarity  parameter 

$  =  Angle  between  radii  R2  and  Rj  (headland  design)  (Chapta*  2) 

$  =  Angie  of  structure  slope  measured  from  horizontal  (Chapter  4) 

6^  -  Angle  of  breaking  waves  to  local  shoreline 
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